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PREFACE.

The present paper is the first of a new series to be published by the Geological Survey
under the title " Shorter contributions to general geology." Of late years Survey authors have
become contributors to scientific and technical journals to an extent that suggests the need of an
official channel for papers of a certain type. Contribution to these outside journals is a valuable
phase of the Survey's activity and will continue; but this method of publication has certain
limitations by reason of both the capacity and the circulation of these journals. The time has
come for beginning a volume that will afford opportunity for the publication of short papers
and'preliminary reports of a character not well adapted to publication in any of the forms hereto-
fore used by the Survey.

It is significant that so many of the Survey geologists are making scientific contributions
of general interest that represent results incidental to other investigations or that are of the
nature of by-products of work whose immediate purpose is economic. This is because the
so-called economic work of the Survey is really scientific. It is scientific in method and sci-
entific in results. It represents the application of science to the solution of problems whose
main bearing may be utilitarian but which, if successfully solved, will afford by-products in
results and principles that will yield greater ultimate possibilities of use to man. In order to
encourage greater breadth of observation and investigation among the geologists and to pro-
mote the scientific possibilities of their professional work, means should be provided for prompt
publication of such papers in a permanent form that will commend itself to both author and
reader. Provision has been made since 1902 for the current publication of short papers relating
specifically to economic geology, and the new series here established is intended to make similar
provision for scientific papers relating to general geology.

In advance of the printing of the full volume, separates, each including one or more papers,
will be issued to the number of 10 or 12 a year as the manuscript and illustrations are ready,
without waiting for material for the full volume to be in hand or even promised. These separates
will be paged continuously, so that the volume will be simply a consolidation of the separates,
without change of pagination, a distinct advantage for bibliographic reference. The date of
publication will be printed on the title-page of each separate.

The papers included in these " Shorter contributions to general geology " may relate to any

phase of geology, provided it possesses general interest-petrology, paleontology, stratigraphy,
glaciology, structural geology, etc. This volume is intended not as a catch-all for current odds

and ends, but as a dignified collection of scientific contributions, each suitable in importance
of subject, value of results, and quality of treatment for separate publication as a bulletin or

professional paper if it were of sufficient length.
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SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY, 1913.

THE ORIGIN OF COLEMANITE DEPOSITS.

By HOYT S. GALE.

INTRODUCTION.

A brief study of several of the more important borate deposits in southern California
during 1912 has suggested to the writer some ideas believed to be new regarding the origin

of colemanite. The theory presented here has not yet been entirely proved, but as there is
much in its favor and as it affords suggestions and a working basis for further observation,

which the writer also hopes to have opportunity to make, it seems proper to place the matter
briefly on record.

This paper is based chiefly on a short personal study of the borate deposits in Ventura

County, Cal., supplemented by more cursory examinations of similar deposits in the vicinity
of Death Valley, and includes a review of published data on this subject and of personal

communications from those who have visited deposits elsewhere. A report discussing the
economic geology of the colemanite deposits of Ventura County and the mining operations

on them will appear in another place. 1 It is believed that these deposits afford exceptional
opportunities for the study of the relationships of the colemanite ores.

VOLCANIC ORIGIN OF BORIC ACID.

It is generally recognized that boric acid in considerable quantities is an original con-

stituent in the waters and gases given off with volcanic emanations. In fact, the Tuscan
funaroles have been an important commercial source of boric acid in Italy for a long time,

and in the past, possibly even to the present time, almost all the boric acid brought into the

European market was derived from this source. There is abundant evidence of the presence

of boric acid in volcanic emanations in many parts of the world. On the other hand, boron
is so rare a constituent of rock-forming minerals that it forms an almost inappreciably small
percentage of the earth's rock mass as a whole. It is therefore natural in studying the genesis

of boron minerals or deposits to look primarily for evidence of a possible origin in volcanic

emanations. Such an origin is believed to be in fact strongly indicated by the relations to be
observed in most borate deposits that have been studied.

HYPOTHESES REGARDING ORIGIN OF COLEMANITE.

The immediate origin of the colemanite ores of the southern part of the Great Basin has

been discussed by several writers and geologists. W. H. Storms was perhaps the first to
provide the explanation which has been more or less fully accepted since. In describing the

deposits at Calico, near Daggett, Cal., he says:2

To me it seems that what is now one of the most valuable deposits of mineral in the State was at one time the site
of a Tertiary lake of considerable but as yet undetermined size; that although subjected to the same oscillation as the
remainder of the region, a basin formed, in which the waters collected, carrying with them the mineral salts derived

1 Gale, Hoy IS., The borate deposits of Ventura County, Cal.: U. S. Geol. Survey Bull. 540-0, 1913.
2 Storms, W. H., Mineral resources of San Bernardino County, Cal.: California State Min. Bur. Eleventh Ann. Rept., p. 346, 1893.
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from the rocks of the neighboring country; that finally the climatic conditions became such that the supply of water
was less than the loss by absorption and evaporation, and the waters of the lake slowly diminished, it finally dis-
appearing entirely, leaving on the floor of the lake a thick deposit of calcium borate of snowy whiteness.

After the deposition of the borax bed a general subsidence of the region occurred, the waters of the great Tertiary
lake once more covering the whole country. Again the sands and finer sedimentary material-the erosion of the
mountains-were caried down and found a resting place on the floor of the lake, the borax beds being finally covered.

Subsequent deformation of these strata has tilted and erosion exposed the borate beds.
Campbell 1 adopted a similar explanation of the genesis of the deposits at the same locality:

The borax of Death Valley, as well as that near Daggett, occurs in a regular stratum, interbedded with the semi-
indurated sands and clays that make up the bulk of the strata. These beds are generally regarded as of Tertiary age,
and they are supposed to have been deposited in inclosed bodies of water.

* * * * * * * * *

The principal deposit of.boron salts [near Daggett] occurs at Borate, about 12 miles north of Daggett, in the vicinity
of the old Calico mining district. The mineral found here is borate of lime, or colemanite, and it occurs as a bedded
deposit from 5 to 30 feet in thickness, interstratified in lake sediments.

Spurr,2 in discussing the character and formation of the Tertiary lake beds, says, with
special reference to the borate of lime deposits: "The internal evidence of these beds shows that
much of the material was laid down in inclosed lake basins, and that the colemanite beds are
probably the result of the evaporation of Tertiary alkaline lakes during periods of aridity."

Later Keyes 3 suggested a modification of the hypothesis by assuming the Tertiary water
bodies to have been marine, "a great shallow arm of the Pacific Ocean that had been cut off
by the upheaval of the mountain ranges along the coast." As the fossils obtained from
the sedimentary beds associated with the borates, at least in the Mohave Desert, indicate a
land and fresh-water fauna exclusively, this modification of the hypothesis may probably be
dismissed.

Baker 4 discusses at some length the character of the sediments associated with the borate
deposits and refers to the genesis of borate ores near Daggett:

The interbedded layers of colemanite, gypsum, and limestone were most probably deposited on the evaporation of
a body of water of considerable depth, since the colemanite layer is from 5 to 30 feet in thickness. Layers of pure
gypsum several inches thick are found, as well as more considerable thicknesses of what is probably chemically deposited
limestone. An alternative hypothesis, that these minerals had their immediate origin in hot springs and solfataras
opening directly into shallow lakes, perhaps only of seasonal duration, or in playas, has much to commend it, especially
when considered in connection with the numerous evidences of shallow-water deposition. These evidences comprise
ripple marks, sun cracks, rain prints, found on the finer as well as the coarser beds, and the layers of fine breccia and
conglomerates interbedded with the fine shales and tuffs. Shallow lakes or ponds probably existed at times during
the deposition of the fossiliferous tuff member, for they seem to be necessary to account for the presence of the gastro-
pods. The paucity or absence of fossils in the borate and the fine ashy and shaly tuff members (but one specimen of a
Planorbis was found in these beds), as well as the presence of the colemanite, limestone, and gypsum layers, apparently
indicates the salinity of the waters. * * * Colemanite, gypsum, and limestone were deposited either by hot
springs or solfataras in saline lakes, which might have been of shallow depth, or, having leached from the surrounding
rocks, were precipitated during a time or times of evaporation of a former fresh-water lake of considerable depth.

Lately Eakle 5 has described the colemanite mined at Lang and summarized the origin of
the deposit as follows:

The bedded character of the deposit is evidence that the mineral crystallized from an evaporating solution, and
that precipitations of both the borate and some of the silt which formed the shales took place. The solution filled a
closed basin as a lake or marsh, probably similar to the alkali marshes of the desert regions. It is generally character-
istic of such deposits that salts of various kinds, often in alternating series, especially carbonates and sulphates of lime
and soda, make up the deposit, and the well-known Searles borax lake in San Bernardino County, with its many asso-
ciated minerals, is a good illustration of a desert formation. The Lang deposit, however, is an exception, as the neo-
colemanite is practically unaccompanied by other minerals, except howlite, which is a silico-colemanite, and some
calcite. Waters emptying into the basin could not have been charged with mixed alkali salts.

It seems probable that the original site of the deposit was a marsh containing marl and cac tufa with mud and
considerable organic growth, and that later waters charged with boracic acid flowed into the basin and converted the

I Campbell, M. R., Reconnaissance of the borax deposits of Death Valley and Mohave Desert: U. S. Geol. Survey Bull. 200, pp. 8, 12, 1902.
2 Spurr, J. E., Ore deposits of the Silver Peak quadrangle, Nevada: U. S. Geol. Survey Prof. Paper 55, p. 21, 1906.
3 Keyes, C. R., Borax deposits of the United States: Am. Inst. Min. Eng. Bull. 34, 1909.
4 Baker, C. L., Cenozoic history of the Mohave Desert: Univ. California Dept. Geology Bull., vol. 6, No. 15, 1911.
6 Eakle, A. S., Neo-colemanite, a variety of colemanite, and howlite from Lang, Los Angeles County, Cal.: Univ. California Dept. Geology Bull.,

vol. 6, No. 9, 1911, pp. 179-189.
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THE ORIGIN OF COLEMANITE DEPOSITS.

carbonate of lime into the borate. Some and perhaps the greater part of the argillaceous material which forms the shales
was precipitated by the decomposition of the impure limestone, together with organic matter. The carbon dioxide set
free may not wholly have escaped, but possibly became occluded in the mud and later converted into carbon. Most
of the borate is of a blackish-gray color, due to impregnations of carbon along the cleavages and fractures. The conver-
sion of the limestone into the borate in all probability took place before the overlying sandstones were formed. The
absence of soda compounds and the presence of abundant plant life indicate that the lake or marsh was fresh, into which
springs containing boric acid discharged. The deposit later became submerged and the sandstones were laid down.

The origin of the boric acid is presumably volcanic and the springs probably issued from vents in the immediate
vicinity of the basin. The deposit is situated in a hilly district and is partly surrounded by high masses of volcanic
tuffs and rhyolites. The subsequent tilting of the deposit was not accompanied by heat or pressure sufficient to
modify the borate materially, yet the mineral shows lines of strain and columnar partings due to pressure and shrink-
age. The fissile shales owe their solidity to this slight pressure, and carbonization to some extent was also the result.
There is, of course, the possibility that all of the carbon in the deposit is from organic matter, the CO2 of the carbonate
escaping, as some of the shales are quite bituminous.

Eakle does not mention any immediate relation of the deposit to lavas, such as are

known to be intimately associated with borate-bearing beds elsewhere, although he notes

that the Lang district is partly surrounded by high masses of volcanic tuffs and rhyolites.

Study of the colemanite deposits in Ventura County, Cal., and observations on similar
deposits near Death Valley have led the writer to the conclusion that these borate minerals

and probably also most of the gypsum associated with them are vein deposits and not the

product of evaporated lake waters. The evidence supporting this conclusion is set forth

briefly below.

COLEMANITE DEPOSITS OF VENTURA COUNTY, CAL.

The Ventura County deposits of colemanite lie on the southern flank of Mount Pinos,

near the San Emigdio Range, at the south end of the San Joaquin Valley. The colemanite is

found within a series of bedded rock formations, which have been extensively folded and

faulted. In general the trend of their outcrop is northeast and southwest, and the dip south-

eastward, away from the higher elevations of the Mount Pinos Range.

The section of sedimentary beds and lava with which the colemanite is associated is in
general terms as follows:

Section of formations in which colemanite occurs in Ventura County, Cal.

Top of section measured. Feet.
Shale and some sandstone.................................................................. 300
Basaltic lava flows, with intercalated layers or lenses of shale and limestone.................... 600
Shale................................... ......... ..................................... 600
Conglomerate, bowlders, or cobbles of light granitic rock cemented.........................600
Other sedimentary rocks below.

These beds are believed to be of Miocene age. The more extensive stratigraphic section

exposed in this general region has not been included here, as its possible relation to the borate

ores seems remote and it evidently involves many complex problems. The beds defined above

are apparently conformable. The most valuable borate deposits are included within the layers

of shale and limestone intercalated within the flows of basalt, but borates occur also in the

shales above and below the basaltic flow rock, though invariably in close association with
this lava.

The following interpretation may be placed on the section given above. The base of the

section is a massive conglomerate made up of bowlders or more or less rounded cobbles, in part

very firmly cemented together, and the whole mass constitutes a rather distinct formational

unit. This is supposed to be a piedmont alluvial deposit that was originally spread out from

the base of the Mount Pinos Range. The core of the range is believed to be mainly granite of

the character represented by the bowlders of this formation. The bowlders are coarser near

the mountains and seem to grade off to finer material at greater distance, the formation as a

whole taking on the character of sandstone, as illustrated at the Ives camp, at the lower end

of the Middle Fork canyon. There seems little evidence in this formation to indicate other
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than subaerial distribution of very coarse detrital material. However, in the opinion of R. W.
Pack, who has studied the areal geology of the north slope of the San Emigdio Range, there
may exist some room for doubt that the coarse gravels were deposited subaerially. On the
north slope of that range about 10 miles north of the borax mines he has found coarse con-
glomerate beds containing granitic bowlders several feet in diameter interstratified with fine
sandstones and sandy and diatomaceous shales, the latter containing marine fossils of Miocene
age. ' The coarse beds occur at several horizons and are so intimately associated with the fossilif-
erous strata as to suggest that the whole section is marine.

The shale overlying the bowlder conglomerate and sandstone is light-colored detrital mate-
rial, thin bedded, and so readily eroded that it does not form conspicuous exposures. It has
not been examined in detail, but it is supposed to be made up of muds derived by the more
complete comminution of granitic material similar to the granite in composition. It may be
a delta plain or alluvial deposit distributed by quieter waters than those which carried out the
bowlder wash, or it may have been deposited under water. At present there is no conclusive
evidence as to its origin.

Overlying the shale is a massive accumulation of flows of basaltic lava, with vesicular
and slaggy layers. Evidently many distinct flows are represented in the thickness of some 600
feet measured on North Fork. These flows include several intercalated layers of shale and
limestone, with which the most valuable colemanite deposits of the district are associated.

The basalt is overlain by another mass of shale and sandstone similar to that which under-

lies it. The history represented by these beds may be much like that which preceded the
outpourings of the lava.

The colemanite of Ventura County is evidently typical of the mineral as it occurs elsewhere.
It is found in solid crystalline masses of large size but of very irregular form. The mineral
itself in its purest form is milky white, even glassy in part, much resembling pure-white calcite
in general appearance and cleavage. The crystal forms are, however, quite distinct from
those of calcite. The less pure massive ore includes grayish or even black crystalline bodies,
the color of which is supposed to be due to included impurity.

The mineral masses as a whole are of very irregular form, but they have been generally

described as bedded deposits, for they appear to follow the bedding of the sedimentary strata
with which they are associated. When examined in detail, however, the mineral colemanite

does not exhibit any bedding structure but only the forms characteristic of the crystallization
of the mineral itself. The massive deposits are either crystalline without definite arrangement
or show radial structures as well as seams of definitely vein-banded'material, included between

walls, in places containing open cavities lined with crystal terminations. The irregularity or
bunchy character of the deposits alone would prohibit strict parallelism with the distinctly
bedded shales in which they are included. Other evidence afforded by the deposits themselves
is suggestive of formation in veins, as will be pointed out.

The larger deposits of colemanite, such as those of the Columbus, Russell, and Frazier

mines, are associated with shale and limestone lenses included within the section of basalt lava
flows. In each of the mines mentioned the colemanite ore appears to have been developed in
immediate association with a bed of limestone included within the shale. This limestone is
massive or of rough, porous character on the weathered outcrop, suggesting the designation
"travertine-like." Basaltic lava occurs stratigraphically above and below the ore bodies and
is generally encountered in the mine workings not far from the ore. The shale bands interca-
lated within the basalt flows much resemble the shales that both overlie and underlie the
whole sequence of flows.

The present attitude of the beds that include the ore bodies ranges from nearly flat to
steeply dipping. The nearly horizontal ore bodies in the Frazier mine are the development
of beds near the crest of an anticlinal fold. In general the rocks dip steeply.

In one large deposit examined underground (in the Russell mine) the main ore body
follows a zone of slip faulting, which is also approximately parallel to the bedding, the ore
being limited with much distinctness by a wall of slickensided gouge.

6



THE ORIGIN OF COLEMANITE DEPOSITS.

The outcrops have rarely shown any colemanite, even in the ore-bearing zone. The one
exception noted, that of the original discovery at the Frazier mine, was an exposure near the top
of a very steep bluff in which a great amount of slipping had taken place and normal outcrops
were not present. Possibly a minor amount of the borate minerals is also present elsewhere in
the outcropping strata, but it is very inconspicuous and was not observed. As a rule the out-
crop of the borate-bearing beds is either folded and crumpled shale or shale including a massive
limestone ledge, the limestone forming the most conspicuous part of the outcrop. These zones
are generally indicated by an abundance of gypsum, which is a marker followed in prospecting
and occurs in the form of thin stringers included in the opened bedding planes and in cross fractures
of the shale. All the gypsum is of the clear crystalline variety selenite, and no massive bedded
deposits of gypsum are known in this region. The outcrops of these gypsiferous shales are
also characteristically marked by the occurrence of "button" concretions-flattened spheroidal
nodules or disks of calcareous composition that have very commonly been mistaken for fossils.
The occurrence of these concretions at the outcrop of the basaltic lava, in the immediate vicinity
of the ore-bearing zones, usually only a few feet distant, is believed to be significant and is

generally noted and referred to by the prospector. As a rule, however, the prospector regards
the lava as an intrusive "porphyry," which it clearly is not, as attested by its common vesicular
and amygdaloidal character, as well as its distinctly bedded structure, conformable with the
sedimentary strata.

Certain specimens collected on the ore dumps and in the mines show that at least a part
of the colemanite is a replacement deposit. Irregular portions of the limestone are surrounded
by white crystalline colemanite, and minute fractures which traverse the limestone throughout
are also filled with this mineral. These veinlets are observed to have been enlarged irregularly
within the limestone. Small rounded masses of limestone are also included within the solid
portions of the colemanite, indicating that in places the same enlargement of intersecting
veinlets has been carried to a further stage and the separated limestone portions are residual
within the deposited colemanite.

GENERAL EVIDENCE OF VEIN CHARACTER OF COLEMANITE DEPOSITS.

The direct evidence of the character of the colemanite, of course, lies in the deposits them-
selves. If the deposits are of vein form, the evidence suggesting it has hitherto been overlooked.
In natural outcrops relationships are obscure. The study of the ore in place is not facilitated
by conditions at the mines. The old mining entries on the Ventura County deposits were, when
visited, either inaccessible or, if open, were heavily timbered, dripping with water, and coated with
mud, so that they were not favorable to detailed study of the character of the ore. The facts

of observation therefore are not yet to be considered conclusive, and judgment as to whether
these deposits originated as veins or through desiccation involves a study of other more general
considerations.

Colemanite, the borate of lime, is relatively insoluble in water. A recent determination,
made at the writer's suggestion by W. B. Hicks in the Geological Survey laboratory, of the
solubility of certain specimens of apparently pure colemanite from the Ventura County deposits
has shown that at ordinary temperatures (200 to 250 C.) about 1 part is soluble in about 1,100
parts of water. Van 't Hoff has shown that colemanite may be produced artificially by reactions
from other calcium borates in saturated alkali chloride solutions, but the writer knows of no

data concerning the possible formation of this mineral by direct reaction of boric acid and lime-
stone. It is natural to assume that free boric acid, which is a common constituent of the later
volcanic emanations in this general region, might react with limestone, and that by the substi-
tution of boric for carbonic acid the lime borate would be formed. Thus by a process of metaso-
matic replacement might have been formed deposits of the typical irregular character of the
known colemanite masses, roughly following the bedding of the original calcareous rock or of

the interbedded lenticular bodies of limestone. Therefore in so far as the natural reactions are
concerned the formation of colemanite as fissure and replacement vein deposits is well within

7
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the limits of possibility. But for other reasons also it seems that these colemanite deposits are
not logically to be ascribed to deposition as the principal constituent of a residue derived from
the waters of a desiccating saline lake.

Borates have been shown to exist in natural saline waters and desiccation deposits in many
parts of the Great Basin and the desert country of the western United States. So far as known

to the writer, however, colemanite has nowhere been deposited as a result of desiccation, but
rather the boric acid has combined to form the more common surface saline minerals, such as

ulexite and tincal. Is it therefore reasonable to suppose that ulexite, tincal, etc., could have
been the primary deposits of such Tertiary dry-lake formations, from which colemanite had
subsequently formed as a secondary product? If this had been so, would not some evidence
of the primary deposit be at hand, either in the composition or in the structure of some parts

of the colemanite deposits? Such evidence has not been recorded.

If colemanite were but a part of a natural saline residue deposited by the desiccation of the

waters in which these materials had accumulated and become concentrated, it would be most
natural to expect other salines that are commonly more abundant than the salts of boric acid in

the typical desiccation deposits of the desert region. No appreciable amount of bedded salt,
sodium sulphate, or carbonate is to be found with the colemanite deposits known to the writer.
The borate-bearing shales of the Ventura County deposits are not even of a character that might
be described as "alkaline" in ordinary desert parlance.

Gypsum and limestone, the latter travertine-like, occur in association with the borates,

and former writings have already been quoted to the effect that both are chemical residues
derived from the same desiccation that crystallized the colemanite. The gypsum associated

with the borate-bearing shales is crystalline selenite. All or the greater part of it occurs in thin
stringers, which not only follow the bedding joints of the shales but fill transverse fractures.

The cross-fiber structure of much of this selenite is evidence of its deposition in veins. .No rock

gypsum of distinctively sedimentary character was observed in any of these beds. Gypsum is

being deposited from ground waters along the walls of the mining entries at the present time.
It still remains to be proved, therefore, that any gypsum of original sedimentary character is

included with the borate-bearing deposits. All of this mineral present may have been intro-

duced in solution by percolating ground waters. The stringers of gypsum noted so abundantly
in the outcrops of the borate-bearing shales have not been shown to persist in like quantity in

the few deeper developments of the mining entries.
The limestone strata with which the principal colemanite ore bodies are associated are

evidently original in the sedimentary sequence. They are in part at least travertine-like,

weathering in rough tuf a-like surfaces, and are not compact like more typical limestones. Their
character suggests the probability that they are chemical deposits, possibly of local extent, laid

down in shallow waters, being similar to the travertine deposits now forming near springs or
where ground waters flow into ponds or saline lakes. The limestone masses are believed to be

of lenticular form and to occur interbedded with shales at various horizons within the flows of
basaltic lava. They are not necessarily the product of desiccation.

In fact, there is little evidence from the stratigraphic section associated with the borate

beds of Ventura County that can be taken to indicate the extensive lacustral conditions com-
monly assumed to have existed during the Miocene epoch in the Tertiary. Some of the asso-
ciated deposits may have been "lake beds," but the writer believes rather that the submergences
were the result of local, temporary, and variable conditions, such as may have occurred during

or after periods of shallow flooding in the lower portions of piedmont fluviatile plains.
Lastly, an explanation of the source of the boric acid is to be sought. Naturally, a volcanic

origin is suggested, and in Ventura County the association of the colemanite with the basaltic
lava is certainly intimate. It is a common saying among prospectors of the district that "borax "
will not be found except near a "porphyry contact" and in association with limestone. It is
true that the larger ore bodies mined are all in close relation with some part of the basaltic lava

flow rock in place, generally within a few feet of it. The borate-bearing beds follow the outcrop

8
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of the basalt flows throughout the district. The question in what way boric acid originating
with the extrusion of these flows could have caused reactions and mineral deposition soon or
long after the period of the lava extrusion remains for further investigation.

SUMMARY.

The evidence favoring the hypothesis of a desiccated saline lake to explain the origin of the
colemanite has little to support it beyond rather general assumptions. The actual character of
the deposits themselves indicates rather a vein type of formation. The gypsum which has been

pointed to as a desiccation deposit related to the colemanite is also of vein character. Other
salines which would naturally be expected in desiccation deposits resulting from natural saline
solutions are not found in association with the colemanite. Those who have supported the

desiccation hypothesis have offered no explanation of the reaction which might produce cole-
manite in such massive deposits as a product of water evaporation, while, on the contrary, its

formation from limestone in veins by replacement of carbonic acid with boric acid is a natural

working hypothesis that deserves experimental investigation. The relations of the deposits to

basalt lava flows indicate the probable origin of the boric acid at the time of the extrusion of

these lavas, although it may also be necessary to assume that this acid continued to find its way

into solution of the circulating ground waters long after the period of the lava extrusions.





THE MUD LUMPS AT THE MOUTHS OF THE MISSISSIPPI.

By EUGENE WESLEY SHAW.

INTRODUCTION.

The territory within a mile or two of each of the mouths of the Mississippi is characterized
by large swellings or upheavals of tough bluish-gray clay, to which has been applied the name
"mud lumps." Many of these mud lumps rise just offshore and form islands having a surface
extent of an acre or more and a height of 5 or 10 feet (see Pl. I, A), but some do not reach the
water surface. They rise and subside at irregular rates, some of them suddenly, and they have
been spoken of as the evil genii of the
Passes, for constant vigilance is necessary
to keep charts of these waters properly
corrected. (See fig. 1.)

Almost all the mud lumps occur near

bars at the mouths of the river. These bars
are great piles of sediment which accumulate
where the branches or passes of the river

enter the sea. Their crests are naturally
only about 10 feet under water, whereas
for 200 miles upstream the river is 50 to

200 feet deep, but the United States engi-

neers have made channels 30 to 35 feet
deep and several hundred feet wide across
the bars at South and Southwest passes.
The natural bar of Southwest Pass and the
changes made in it by the engineers are
illustrated in Plate II.
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even their resent large capacity increased, dates and development of mud lumps at entrance of Southwest Pass.
n l P c t From data furnished by United States Corps of Engineers. The area lies In

New Orleans, although over 100 miles the middle of the channel and just outside the jetties. Sketches a, b, and c
from the sea is now the fifteenth largest were prepared from soundings made Apr. 29, May 10, and May 19, respee.

f tively. One of the mud lumps rose in the middle of the channel where, on
city and the second largest port in the Apr. 29, there was 45 feet of water but on May 19 only 23 feet. Apparently

United States so that the seaward outlet some of the lumps shifted slightly in position and others subsided while new
ones rose near by. The shape of the bottom here at any particular time is a

for her commerce is of vital importance. result of the work of the river, the activities of the mud lumps, and the Gov-

The mud lumps are also of considerable ernment dredging operations.

purely scientific interest, for their development is not included in the usual concept of delta
growth, and although several hypotheses concerning them have been advanced, their cause
must still be regarded as uncertain.
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SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY, 1913.

PRESENT AND PRECEDING INVESTIGATIONS.

The present study of the mud lumps, which is a part of the Coastal Plain investigations of

the United States Geological Survey, has been only begun, and this report is but a brief summary
of existing knowledge of the mud lumps and of features and processes which may throw light

on their origin. It includes some facts and ideas gathered in a few weeks spent at the mouth of

the river in the fall of 1912 and the summer of 1913. On the first trip the United States engineers
gave much assistance and furnished many important data, and on the second, through the

courtesy of Dr. H. F. Moore, of the Bureau of Fisheries, the United States steamship Fish Hawk
was made available for collecting samples of water and mud just offshore. T. Wayland
Vaughan and others have furnished valuable suggestions and Prof. E. W. Hilgard and several
members of the United States Engineer Corps and United States Geological Survey have very
kindly read and criticized the manuscript.

Comparatively little geologic field work has been done on the problems of the Mississippi
Delta or the mud lumps. Lyell and Hilgard have made the principal contributions, their results

being set forth in several publications. Lyell's conclusions are summarized in his textbook, and
Hilgard's in a recent paper entitled "A new development in the Mississippi delta," published
in the Popular Science Monthly for March, 1912, and also in several papers published in the
American Journal of Science in 1871. The engineering problems connected with the mud lumps
have been extensively discussed, particularly in the annual reports of the United States engi-
neers. The lumps are probably peculiar to the delta of the Mississippi, but, as Hilgard says, it

seems remarkable that upheavals so extensive should escape discussion or even reference in
most of the best textbooks on geology. Potoni6,1 however, has described a growth similar, in

some respects at least, to the mud lumps and concludes that it was produced by marsh gas, clay
having flowed into the cavity as the gas escaped, making the island permanent.

Several hypotheses concerning the cause of the lumps are worthy of consideration, though
few have been set forth in print. Volcanism, faulting, the accumulation of bodies of rock salt
or sulphur or oil like laccoliths below the surface, and the forcing up of the clay by hydraulic
pressure transmitted through water from higher points to the landward through inclosed porous
strata seem to be out of the question as causes of the phenomenon. The two ideas most favored
have been (1) that the lumps are upheaved by gas, and (2) that the pressure of the constantly
increasing deposits of the delta has in some way caused the upheavals.

Hilgard contends that the mud lumps owe their existence to the pressure of a layer of

sand and silt, perhaps 30 or 40 feet thick, on a thinner layer of very fluid mud below, which in
turn rests upon a stratum that he calls Port Hudson clay-a deposit very different from any
being formed to-day. He believes that just offshore much river-borne colloidal sediment is
being flocculated by the salt of the sea and is slowly settling, forming a layer of sludge; that a
more granular and compact layer is built out on this sludge, giving rise to an unstable condition;
and finally that wherever the crust, so to speak, is weakest the sludge is forced up to the surface
through the weight of the sand and silt. It thus becomes of prime importance to determine
whether or not the bottom offshore is very fluid mud.

When Capt. James B. Eads proposed to put in jetties at the end of South Pass to cause
the river to scour deeper and do some of the work that the dredges had been doing in keeping
a navigable depth of water over the bar Hilgard wrote to Eads saying that if this plan were put
into operation a deeper channel would be scoured, but that the scouring would weaken the
crust of silt so much that the fluid mud from below would break up through, 'obstructing the
channel more seriously than the fine sand of the bar. Eads had encountered considerable
objection to his plan of building jetties, but he was a man of both means and determination
and his final proposal to advance the funds for building the jetties and ask no reimbursement
until the desired depth of water was obtained was accepted. He replied to Hilgard that a

surcease from the heavy burden of dredging for 20 or 30 years would be worth the cost of the

1 Potonid, H., Eine im Ogelsee (Prov. Brandenburg) pldtzlich neu entstandene Insel: K. preuss. geol. Landesanstalt zu Berlin Jahrb., Band
32, Teil 1, pp. 187-218, 1911.
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PROFESSIONAL PAPER 85 PLATE I

.I. MUD-LUMP ISLANDS 2 TO 3 MILES SOUTHEAST OF PASS A LOUTRE
LIGHTHOUSE.

All these islands have been formed in the last few years by the swelling u
floor, so recently that none of them are shown on the latest chart.
they are comparatively flat-topped and concordant in height.

p of portions of the sea
Like other mud lumps

B. VIEW ABOUT 3 MILES SEAWARD FROM END OF SOUTHWEST PASS.
Showing light-colored, muddy river water in foreground and dark, clear sea water in distance.

The boundary between the two is very sharp, and there seems to be also a difference in wave
form between the clear and the muddy water.

1~ 7,

C. MUD SPRING AT TOP OF WAVE-CUT CLIFF ON MUD LUMP 3 MILES SOUTHEAST
OF PASS A LOUTRE LIGHTHOUSE.

This and the other photographs were taken in the low-water season, when the springs and mud
lumps are least active. To judge by the fact that the rim of the "crater" has been built uo
only a few inches the discharge from this spring, even when most active, is probably very
slight. These spluttering, volcano-like gas-mud springs seem a fitting accompaniment to the
weird, silent, and unforeboded rise and subsidence of the islands.

U. S. GEOLOGICAL SURVEY
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MAP OF THE BAR AT THE OUTER END OF SOUTHWEST PASS.

Showing changes effected in the last 13 years by the building of jetties and dredging. From data furnished by United States engineers. A shows the pass as it is in 1913. B shows comparative profiles of the center of the

channel in 1898 and in 1913. Cshows the pass as it was in 1898, when the oontrolling depth on the bar was only about 10 feet. Corresponding positions are shown directly above and beneath each other. Whether

any of the elevations on the crest of the bar in 1898 were mud lumps is not known, but the fact that at that pace, which has since been deeply scoured, there are to-day no mud lumps and that on the crest of the present

bar, where in 1898 there was over 70 feet of water, mud lumps are numerous seem to militate against the idea that "mud lumps commonly arise in a pass immediately inside of the steep upstream slope of the

bar, * * * where the depth is greatest and where the bottom can therefore most readily yield."
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THE MUD LUMPS AT THE MOUTHS OF THE MISSISSIPPI.

jetties and begged Hilgard not to press his objection. Hilgard agreed but prophesied that
mud lumps would appear within 30 or 40 years on the inner slope of the bar where the river was
caused to scour most deeply. Forty years has passed and the appearance of a mud lump at
the end of South Pass according to Hilgard's prophecy is the principal theme of his recent

paper.
THE LOWER END OF TEE DELTA.

AMOUNT OF AVAILABLE INFORMATION.

Geologists are exploring in greater or less detail about one-fourth of the earth's surface,
the remaining three-fourths being covered with water. They have obtained much information
concerning the underlying rocks and the geologic history of all lands but have learned so little
of the sea bottom-both its underlying materials and its history in ages gone by-that the
permanency of ocean basins is still a subject of discussion. The interpretation of ancient
sedimentary deposits has reached an advanced.stage, but not with the assistance of any large
amount of exact detailed information on present depositional conditions and processes now in
operation. Erosion has been studied in detail and the effects of its various factors have been
carefully evaluated, but sedimentation appears not to have received its share of attention.
The study of the composition, structure, and mode of growth of the Mississippi Delta is therefore

of great interest, for here a new geologic formation is now developing and processes of sedimenta-
tion are operating rapidly and on a large scale.

The lower end of the Mississippi Delta seems to be a region much frequented but little

known. Every year multitudes of people visit New Orleans, but travel is confined for the

most part to the four or five main rail and water routes. Between these routes lie great areas
of marsh which man has not put to his service and which are not often traversed either by
naturalists or by others. Perhaps it has been thought that the mode of growth of the Delta is
so simple and so well understood that investigation would reveal nothing new. The prevailing
idea seems to be that deltas are built up regularly by the addition of topset, foreset, and bottom-
set beds, and that this process and the constant shifting of the network of channels constitute
about all that happens. But numerous facts-for example, the fact that the mouths of the
Mississippi are apparently not shifting-do not accord with this idea.

Notwithstanding the fact that the region is in some respects an uncomfortable dwelling
place it has many attractive features. Mosquitoes are somewhat troublesome, particularly a
few miles back from the open sea, and sand flies are abundant along the coast at certain times
of the year. The marshes are commonly too soft for travel of any kind, so that houses and
walks are built on piles a few feet above the marsh, the interior of which would be almost
inaccessible were it not for the passes and bayous that ramify it. But the discomforts are more
than overbalanced by the features of interest, especially in the autumn. Orange groves border
the river from New Orleans down almost to the Head of the Passes, below which hunting, trap-
ping, fishing, and oyster growing occupy the time of most of those not engaged in Government

work or as pilots. The region abounds in water fowl and in rabbits, muskrats, and raccoons.
The proximity of the sea almost precludes oppressive heat and the temperature rarely, if ever,
reaches the freezing point. Laborers, however, sometimes cease working in winter on account
of cold winds. Large areas in the newer part of the Delta are not forested; indeed, all the
plants of the region seem to be marching toward the sea by groups in orderly fashion.

The most striking evidence that the Delta is little known is that its geography is quite

different from that indicated on the latest charts. (See fig. 2.) No less than 100 square miles
of land is represented on these charts as water, and, what is still more remarkable, many square
miles of water are shown as land. All the best maps of the lower end of the Delta show a deep
indentation, called Garden Island Bay, between South Pass and Southeast Pass. As a matter of
fact, there is only a small reentrant between these passes, and the maps were out of date 15 or

20 years ago. The reason for the inaccuracy is that the territory between the passes is not
often visited and has not recently been surveyed. The coast chart has been corrected from
time to time, but only from data concerning the traveled passes.

38725 -No. 85-14-2
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14 SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY, 1913.

GENERAL FEATURES.

In order to formulate working hypotheses concerning the mud lumps it seems necessary
first to learn as much as possible of the composition, structure, and mode of growth of the Delta.

A considerable part of southern Louisiana is less than 10 feet above sea level and much of
it is inundated every year, receiving at each inundation a greater or less amount of sediment.
The land surface is also losing some material through solution and stream transportation, but
on the whole it is being gradually built up, or at least it was being built up before the levees
were built and much of the flood water was shut out. Along the border of this flood plain
lie other lowlands, only a few feet higher but having an aspect so different as to soil, vegetation,
and form of surface that they are easily distinguished. The highest land lies along the river,

25' 20' -1' 10o' 5' 89 -- -
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' - B d New la areasZ

New water areas

55 0 1 2 3 4 5 Mies 55
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FIGURE 2.-Sketch map of lower end of Delta of the Mississippi, showing approximately areas of land and water formed since the last detailed and
complete survey was made. The coast chart has been corrected almost yearly for modifications in the territory immediately adjacent to the
well-traveled passes, but not for the extensive changes that have taken place in the great marshes and bays between the passes. Although the
Delta receives from the Mississippi about 400,000,000 tons of sediment every year and its front is commonly said to be advancing into the sea at
the rate of 340 feet a year, the sea is at many places encroaching on the land. The immense amount of new land that has recently been
formed in Garden Island Bay is a result of a crevasse that was formed several years ago near the Head of the Passes.

the banks of which slope gradually from heights 10 to 15 feet above low water at New Orleans
to sea. level at the mouths of the river, and the high-water profile has a similar decline.

To an observer at the mouth of the river the idea that the region is a great dumping ground
for a large part of the United States is most impressive. The land is being built out into the
sea at an estimated average rate of about 300 feet a year, and although this estimate may be
high, the rate is certainly rapid, as the constantly changing coast line and aspect of the vegeta-
tion bear witness. In some places it is much more rapid than others. In one place in Garden
Island Bay the land appears to have advanced 2,000 feet in the spring of 1912.

Not only does the rate of advance differ from place to place, but the shore is in places actually
retreating, not so much by sea erosion as by settling, which in places predominates over
upbuilding.
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COMPOSITION AND STRUCTURE.

It appears that in general the upper 50 feet, at least, of the deposits near the mouth of the
river consist of thin layers of dark-blue clay and fine sand and a great many thin beds of inter-
mediate character, each of which grades into the adjacent beds. Layers of clay almost free
from sand and beds composed of a mixture of clay and fine sand are common, and the mixture
of clay and sand is much more rigid than nearly pure clay.

Some of the material falls no doubt into the class known as topset beds, and some of it
belongs to the foreset beds. Knowledge sufficient to afford a basis for classifying the beds by
their physical character is not yet available. The topset beds at the head -of the passes are
probably at least 10 and not more than 100 feet thick, and along any pass they probably thin
toward the coast. The deposits between the passes are more difficult to classify. The topset

beds are on the whole most sandy and resistant near the passes and most clayey in the bays
and marshes between; the foreset beds appear also to be in general coarsest near the passes, but
the amount of sand they contain decreases not only laterally but downward for 40 or 50 feet,
the lower material having no doubt been deposited in deep water some distance offshore. But
there appear to be sandy layers throughout both topset and foreset beds, and all the strata are
more or less lenticular.

The mechanical character of the sediment being deposited near the mouth of the river is
shown in the following table:

Mechanical analyses of samples of earth obtained near the mouth of Mississippi River.

[Analyses made by Bureau of Soils, United States Department of Agriculture.]

Fine Coarse Medium Fine Very fine Silt 0.05 Clay
avel sand sand sand sand t '005 (0.005No. Locality. Depth. (2 to 1 (1 to0.5 (0.5 to (0.25 to (0.1to to 0.005 mm. or

mm.). mm.). 0.25mm.). 0.1 mm.). 0.05mm.). mm.)' less).

26196 jImile east of Burrwood....... 5 feet below surface.............. 0.0 0.1 0.2 5.5 64.0 27.0 2.9
26197 ..... do......................... 33feetbelowsurface............. .0 .0 .1 1.4 1.4 48.9 48.0
26198 3 miles north of Burrwood..... 9 to 10 feet below surface....... .0 .0 .1 .8 20. 6 68. 1 10.4
26199 South side of Redfish Bay..... 6 feet below bed of sea........... .0 .0 .2 .2 9.6 63. 2 26.6
26200 Pilottown Wharf............. 10 to 10j feet below surface...... .0 .0 .1 .4 42.4 51.7 5.1
26201 2 miles west of Burrwood...... 2. feet below water surface...... .0 .2 .1 .6 22.0 58.6 18.6
26202 Point of land where South 12 feet below surface............. .0 .0 .1 2.3 8. 1 66.8 22.6

Pass and Southwest Pass
separate.

26203 Mud lump near Pass a Loutre. 9 feet below surface ofmud lump. .2 .3 .2 1.5 .6 39.2 58.0
26204 200 feet from river, Port Eads.. 11 feet below surface............. .0 .1 .1 2.5 36.9 51.8 8.7
26205 Mouth of Mississippi River.... Composite made up of 235 sam- .3 .5 .2 6.5 28.2 51.2 13.0

ples obtained below Head of
Passes.

Average of all analyses except No. 26205................... .005 .12 .14 2.17 23.38 52.65 21.39

The most important and impressive part of the above table is the analysis of sample No.
26205, which shows that fine gravel, coarse sand, and medium sand are present in the upper
part of the Delta, though only in minute quantity. Fine sand makes up about one-fifteenth
of the material and very fine sand a little over one-fourth. The great bulk of.the material is
silt, over one-half of all the particles measuring between 0.05 and 0.005 millimeter, or about
0.002-0.0002 inch. Even clay is present in the subordinate amount of 13 per cent, or a little
more than one-eighth.

The chemical character of the material lying near the surface in the vicinity of the mouths
of the river is shown in the following table giving a preliminary report of an analysis of the
composite sample numbered 26205 in the above table, which is being made by George Steiger
in the chemical laboratory of the United States Geological Survey, and also analyses of mud-
lump clay and of river-borne sediment, made by Walter N. Howell.
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Chemical analyses of air-dried samples of material from upper part of Mississippi Delta.

1 2 3

SiO2.............................................................................................69.9 62.36 63.71
AAlO............ ............................... .............-....-..-.--.-..-..-..-.--.-..-..-.--.--.-..-..-.--.-. 10.6- -- 1--.346 1.64 6.7
Fe O a...----------------------------------------------------------------------------------------
FeO..........................-........................-..-..--.-..-..-..-..-.--.--.--.--.--.-..-..-. - 3-.4- 2.31 4 .1.9.3
FeS ........................................................................................... -
M gO .........................................................................................- 1.4 1.25 1.18
CaO..............................................--- .........-----.---......... .......... ...... 2.0 1.56 1.54
NaO...............-................................................................... 1.5 1.05 1. 47
K,0......... ...............-..... ..............................--................ 2.3 Trace. Trace.
HO below 100*......................................................................-..3.
1120 at 100*...............................--... ............................. ................ 9.95 2.94
11,0 above lO*.......-.................................. --............................ 2.

T iO -...--- -------------------------------------------------------------------------------- ..... 2 .0 ... ... .. -- .. . ... -- --

CO2 ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1. 4 X  8. 91  8. 13Volatile and organic matter.......................................................... ...............
P20...... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .2.........................
MnO ................................--- .................................-. ............. .1 Trace Trace.
Cl..................................... ... . ....... .. ..... .........----............ . . . .3 1.40 2.08
C 1 -- .------------------------------------------------------------------------------------------- - -- - - -- - -.3 .402 .0 4SO,........................................................................................ ........ .81 .74
Zr........................................................................5....................--...

99. 6 99. 94 99. 91

1. Composite made up of 235 samples collected by E. W. Shaw within 45 feet of surface in marshes and shallow water below Head of Passes,
most of the material from the upper 20 feet of the Delta. George Steiger, analyst.

2. Sample of mud-lump clay from near Burrwood.
3. Sample of silt from bed of river near west side opposite Burrwood. Analyses 2 and 3 made for United States engineers by W. N. Howell.

In order to determine the character and arrangement of the material in the Delta, a sampling
rod was used for getting samples beneath the surface, the rod being pushed down to the place
where it was desired to take the sample. The various degrees of resistance of the sands and
clays, or rather sandy silt and clayey silt, were thus readily noted. The "quicksand" of the
Delta is not so quick or fluid as the clay. The sampler passes very easily through beds of clayey
silt but can be forced only with difficulty through layers containing a considerable amount of

sand, and often the sand prevents it from reaching a depth of 20 feet. The sand is so much
more resistant than the clay that piles sunk in New Orleans for the larger buildings are driven
down through clay and silt to a comparatively thick bed of sand that lies 60 to 80 feet below
the surface and serves as a firm foundation.

It appears that the most rigid material in the Delta is a mixture of sand and clay in certain

definite proportions. Crusty layers "as hard as asphalt" are sometimes reported, and it
seems probable that such layers do not consist of iron oxide or other uncommon material but
of a sand-clay mixture, and that there is every stage of gradation between this unusually
resistant material and the very fluid clays. Experiments are now being made with mixtures
of sand and clay which it is hoped will furnish further information on this subject.

The total thickness of the material properly referable to the Mississippi Delta is not defi-
nitely known but is probably at least 2,000 feet. The shape of the rock basin on which this
material rests is also unknown; its sides may be concave or convex, and some think that it is
traversed by a large central trench. Several wells have been sunk 2,000 feet or more into this
Delta material, and although logs of some of them have been kept and fossils preserved, the

identification of the beds is still uncertain. An unusually large amount of data seems to be
needed to determine positively the age of these strata.

The general character of the Delta material down to a depth of about 1,000 feet is illus-
trated by the record of a well drilled in 1895 on the Magnolia sugar plantation, on the west
bank of Mississippi River, about 45 miles below New Orleans. The well is owned by ex-Gov.
H. C. Warmouth, who furnishes the following record:

Record of well on Magnolia sugar plantation.

Thickness. Depth.

Feet. Feet.
Soil black,alluvial ........... .................................................................................... . 40 40
Sand, fine ............................................. ............................................... 30 70
Clay, stiff................................................................... ........................................ 50 120
Sand and soft m ud....................................................................................................... 40 160
Clay hard, blue............................................................................................... ........... 200 360
Sand, pebbles, and small shells...................................................................................... .210 570
Clay very hard, blue...................................................................................................... 377 947
Sand, with salt water shooting above the well with gas.................................................................... 33 980
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Silt is accumulating just offshore at the rate of several inches a year, as may be shown by
taking a profile of the ocean, bottom adjacent to the mouths of the river and drawing a parallel
line to correspond to the estimated annual seaward advance, about 300 feet. (See figs. 3 and 4.)
The character of the material deposited appears t'o vary from season to season. During the
period of high water, which generally includes the first half of the calendar year, the sediment
is noticeably coarser than during the period of low water, which includes roughly the second
half of the year. The apparent result is a structure somewhat resembling the annual rings of
growth of trees. As the sampling rod is forced into the earth it moves downward easily for
a few inches, and then with difficulty for a few inches, and so on, in alternation. The minute-
ness and legibility of the record remain to be determined, but the principal floods and the
principal times of drought are probably recorded.

The material collected by the Fish Hawk expedition from the bottom of the Gulf off the

mouth of the Mississippi also indicates that the deposits consist in general of alternating layers

2.1 feet above sea level Topset beds End of jetties
(12 miles from end of'jetties .Present.land surface Sea level

Land surface of 1813 (o years ago) -I

Horizontal scale y \ t \\ \\a '

0 1 2 3 4 5 M il e s ar " \a \ \

Vertical scale
0 100 200 300 400 500 Feet a

ac End ofjetties
.175 above sea level Sea level

Horizontal scale Vertical scale
/2Mle o 10 20 30 40 5 Feet

b
FIGURE 3.-Profiles showing present and past land surface and sea bottom near mouths of Mississippi. a, Generalized profile of present land

surface and sea bottom from the Head of the Passes to a point 4 miles beyond end of South Pass jetties and also of position of correspond-
ing surface 100 years ago. Shows the great thickness of the foreset beds of the Delta as compared with that of the topset beds, which appar-
ently would be only about one-tenth as thick as they are if they were not affected by subsidence. In order to show the topset beds at all it
is necessary to exaggerate grossly the vertical scale. b, Enlarged section of the foreset beds represented by the finely ruled portion of , show-
ing annual and seasonal growth layers. The estimated advance of the bars at the mouths of the Passes of 340 feet a year is believed to be
considerably greater than the average rate at which the land is pushing out to sea. The above diagrams represent an annual advance of 265
feet, which is possibly too large.

of sandy and clayey silt. The dredges brought up from the bottom a mixture of dark clay and
light gray sandy slime, the two apparently coming from different layers. The core samples
consist uniformly of stratified material with stiff clay or sandy clay at the bottom and beds of
increasing fluidity to the top, which is nearly clear water. The most compact material was
found near the ends of the Passes in less than 5 fathoms of water.

PROCESSES AND CONDITIONS AFFECTING MODE OF GROWTH.

Certain features of the Delta suggest that it is affected by a process which heretofore seems
not to have been suspected, namely, a bodily flowage toward the sea. The surface receives a
new layer of sediment at each flood, but its altitude above sea does not seem to show a corre-
sponding increase. Timbers and other objects left on the surface appear to sink down into the
earth, and on careful examination it becomes evident that the Delta is sinking as well as building
upward and outward, the coast being most affected. The tide-gage records at Port Eads show
a gradual increase in the apparent height of mean tide from 2 feet 20 years ago to 4 feet now;
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in other words, that part of the Delta is sinking at a rate of a tenth of a foot a year. The shape
of the sea bottom just offshore suggests local bulging of the Delta front, for it is characterized
by irregular swells and hollows which change from time to time in form and position and by an

absence of well-defined channels. In 1905 and 1907 shoaling was

Ii~i~i -reported fully 25 miles southeast of Port Eads, depths of only 65 to
li~l! 'I100 fathoms being found where before the depth was 300 to 600 fath-

I oms. The character of the coast itself in places where sedimentation
-I N 8 b m is not now rapid strongly suggests subsidence, especially the coast near

-1g4 Barataria Bay and on Breton and Chandeleur sounds. In these areas
I othe boundary between land and sea is intricately irregular, small islands

V '" " rise just above the sea, and shallow lakes and bays are abundant.
The shore features seem to be just those which would result from

gentle subsidence of a low-lying, slightly uneven surface. The sinking
Ip is due in part, no doubt, or perhaps entirely, to the compacting of the

o . sediment. Whatever its exact nature, the facts that the subsidence

o is greatest where the Delta is growing most rapidly and that because
of the very watery condition of the material it is presumably becoming
more compact make it seem probable that the process is only in part,
if at all, one of isostatic adjustment. At a depth of 5,000 feet there
may be no downward movement.

However, certain facts suggest that in comparatively late geologic
3 time this region has been affected by crustal deformation. Deposits

S- which outcrop in a district farther north and which have been described
as the Lafayette formation, the less, and the Port Hudson clay have
been thought to indicate general elevation and subsidence, and in the
vicinity of New Orleans, at least, coarse sand evidently deposited in
shallow water occurs at various depths down to 3,000 feet, but in

i addition differential uplift appears to have occurred in the vicinity
of Natchez. Otherwise the gravel, which contains pebbles brought

'i;i'Nl aapparently from Canada and lies as much as 200 feet above the present'
stream, calls for an extremely low gradient upstream and an almost
impossibly high gradient downstream. The narrowness of the flood

(C i .5 .o plain at Natchez and the outline of the area less than 100 feet above
,! .o o sea level, this area being considerably broader above than opposite

!1 Natchez, suggest the same conclusion.
In this connection it is interesting to note that in the recent

; ~determinations of intensity of gravity made by the Coast and Geodetic

Survey the earth near New Orleans was found not to have an excess
g of mass, as might be expected from the vast amount of sediment

. , which has accumulated there, but a deficiency equivalent to a lack of
i about 430 feet of strata. In other words, if the surface at New Orleans

0 o 0. were buried under 430 feet of solid rock, the district would then be in

ia ! 2o approximate balance with the rest of the world.
s . Below Baton Rouge the river flows southeastward and the great

0 y body of the delta has developed in that direction. It is only about
a third as far from Baton Rouge to the sea in a southwesterly direc--

y w tion as it is in a straight line to the mouths of the river. The reason
i for this trend may be that a westward littoral current tends to throw

the sediment in that direction from the mouths of the river and in

this way to crowd the outlet eastward, but the known facts do not. appear sufficient to
warrant a definite conclusion.

The protruding character of the coast at the mouth of the river is a somewhat striking
testimony against the idea that subsidence always produces deep bays. The form of a coast
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depends on many factors-sedimentation, erosion, deformation, and the nature and extent
of the work done in previous cycles.

Hilgard has pointed out that the Mississippi Delta differs markedly from other deltas,
and also from an ideal delta. He says: a

The bird-foot shape of the lower Mississippi Delta, with deep embayments in between, is unexampled in any other
large river delta in the world. The bays between the delta fingers ("passes") are being very slowly shallowed, chiefly
by wave and tidal action from the Gulf carrying in the bar sands, and only subordinately by river overflow. The
river in this lower delta region is for 50 miles below Fort Jackson bordered by narrow banks of unyielding gray clay,
between which is carried the entire volume of the river through the narrow-banked "neck " until it reaches a common
point of divergence, the Head of the Passes, whence similarly narrow-banked channels diverge, unbranched, in bird-
foot form.

The usual shape of a normal delta is a convex protrusion beyond the main shore line, with usually slight protrusions
at the mouths of the distributaries, as can be seen by an inspection of the maps of the deltas of any of the larger rivers,
such as the Nile, Ganges, Brahmaputra, Danube, Volga, Lena, and others. Within the delta areas of these streams
large and small distributaries form a complex network, frequently changing at times of high water. No such changes
are shown by the narrow-banked, diverging arms of the lower Mississippi Delta, which steadily advance into the Gulf
singly, and without any permanent distributaries being formed. The only approach to the form and structure of an
ordinary delta occurs about 3 miles above the Head of the Passes, on the east side, where small and shallow channels
connect with the main river through Cubit Gap, a shallow lateral outlet.

The typical delta developments at Cubit Gap, at the Jump, and in Garden Island Bay,
not yet represented on charts, have resulted from unusual conditions-accidents, so to speak-
in the course of delta development. The full history of the land development at the Jump is
not known, but in the other two places, and probably at all three, the river has broken through
narrow banks which separated it from the sea, and very rapid sedimentation has followed.
The astounding fact in this connection is that the river does not more frequently cut through
its narrow banks, although it often overflowed these banks before the levees were built, during a

time when the present features were developing. At Bird Island Sound the river might reach
sea level in a quarter of a mile, but instead it takes a course of about 25 miles. Just below New

Orleans the river might reach sea level by flowing eastward less than 10 miles through terri-
tory subject to overflow, but instead it flows fully 100 miles southwestward. Hilgard believes
that these remarkable features are due to "a compact, impervious gray clay, corresponding
exactly to the material constituting the mud lumps," clay which "so long as it remains sub-
merged or fully wetted * * * resists erosion to a remarkable degree." To the present
writer, however, this inference does not seem well founded. The exposures and borings along
the river banks show a large proportion of fine sand, which is easily washed. Several borings
were made at and near the Head of the Passes to test this point and sand was found in all of them.
(See the mechanical analysis of sample No. 26202.) Clay is present in places and may possibly

be the remains of old mud lumps, but a large part of the material appears to be incoherent
sand. To-day the coarsest sediment is being deposited on or near the river banks, where it
accumulates to such an extent as to form natural levees that border the river almost if not
quite to the sea, and just offshore in the immediate vicinity of the ends of the passes. The
finer particles are carried by the river water in times of overflow into the marshes at some
distance from the river and by the sea water at all times into the bays between the passes and
to a large surrounding area of deep water lying at a distance greater than 2 or 3 miles from the

river mouths. As indicated in figure 4, the sandiest material found in the borings lay near
the river banks and the most clayey material in the marshes several miles from the river.

All the movements of the sea water at the mouths tend to sort out the finest sediment
there discharged and carry it to distances depending in part on the size of the particles. In a
few places, particularly in the most exposed positions, as at the outermost ends of the passes and

a Hilgard, E. W., A new development in the Mississippi Delta: Pop. Sci. Monthly, March, 1912.
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also where the sediment is accumulating slowly, as in Bird Island Sound, this process goes so
far as to develop sand beaches. The very fine material consists not only of the finest solid
particles, brought down in that form by the river, but also of matter transported in a colloidal
form and flocculated by the salt of the sea, and it is commonly apparent in the water 10 miles
or more from land. At times and in places the line between the muddy and the clear water is

very sharp, as shown in Plate I, B.
Thus it seems to the writer, both from field evidence and from indirect theoretical con-

siderations, that the river banks consist not of clay which, though yielding to pressure, is so
resistant to corrasion that it determines the location of the river channels, but of sand which
is resistant to pressure and yielding to water currents, with perhaps some mud-lump clay here

and there. It seems probable that the form of the river here, as elsewhere throughout its course
below Cairo, must be produced in detail by a balance among the hydraulic forces involved in
the river flow; that the stream is so large and powerful that no clay could long prevent it from
cutting just such a channel as a balance among its forces demands. Yet this must be regarded
only as a suggestion, for although much is known concerning the hydraulics of river flow many
phenomena are not yet fully understood. For example, above Baton Rouge the river is broad
and very shallow, carries much coarse sand, and has a tendency to meander which seems beyond
human power to control, whereas below that city it is little more than half as broad, is 100 to
200 feet deep, has little tendency to meander, and seems adjusted to its load of very fine sand
and silt and quite competent to carry it. To the writer it seems probable that the peculiar
form of the river near its mouths is related in cause to these phenomena.

The offshore movement of the river water is indicated by the following analyses of samples,
most of which were collected on the Fish Hawk expedition. The samples that show the largest
amount of chlorine are, of course, those that contain the least river water. The regularly
greater chlorine content of the bottom samples accords with the conditions elsewhere and is
due to the fact that river water, having less density than sea water, flows out at the surface
of the sea. The table includes also analyses of a few samples of sludge from springs on mud
lumps.

The examinations of chlorine in this table were made by E. C. Bain, under the direction
of R. B. Dole. The tests were made by means of a salinity outfit supplied by the Copenhagen
laboratory of the Conseil Permanent International de la Mer, which was obtained through
the courtesy of the United States Bureau of Fisheries. The procedure is an adaptation of
the usual method of estimating chlorine by titrating with silver nitrate in presence of potassium
chromate. An essential feature is a sealed tube of standard sea water whose content of
chlorine has been very carefully determined. This water is used for comparison, and the
pieces of the apparatus are so constructed and calibrated as to insure maximum accuracy.
Standard sea water No. P7 2/2, 1912, with a chlorine content of 19.386 grams per kilogram,
was used, but as only a little of it was available, a large sample of nearly normal sea water
was very carefully titrated and used for frequent comparison during the tests. Float burette
No. 8, measuring about 1.5 millimeters between gradations, and pipette No. 3, having a capacity
of 15.04 cubic centimeters, were used.
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Table showing chlorine content, specific gravity, temperature, and other data concerning water samples collected near mouths
of Mississippi River.

[The measurements of specific gravity are only approximate and subject to a correction of t 0.002, the average error being probably not over 0.0005;
distances are given in statute miles and bearings are true; samples were collected on June 22, 23, 24, and 25, 1913.]

Station Depth of Position of Chlorine Tempera- Specific
No. Location. water water. (grams per ture (* F.). gravity.(feet). kilogram).

7900 84 miles from Galveston and 29 miles S. 51* E. of Sabine Bank light..... 57 Burface...... 8.. 13.60 80 ....

7901 11 miles S. 740 E. of Trinity Shoal buoy, about midway between 48 JSurface........ 15.76 80 ............
Galveston and Southwest Pass. b I Bottom....... 17.22 79 .......

7902 35 miles S. 71*E. of Trinity Shoal buoy.............................. 63 !Brfact....... 16.94 7 1019
7903 120 miles S. 420 E. of Timbalier Island light, nearly 50 miles west of l 102 Surface...... 13.42 82 1.0151 Southwest Pass. f Bottom...... . 19. 91 74 1.02425
7903. 1 A bout 8 miles west of ends of Southwest Pass jetties............... .......... Surface......... 13. 65 .............
7903.2 About 3 miles west of ends of Southwest Pass jetties. (Clear water.)... .......... Surface........ .15. 62. ..... . ..
7903.4 About 3 miles west of ends of Southwest Pass jetties. (Yellowish..........Surface........ 5.08...................

mudd y. water.)
7904 1 m3 miles S. 11 W . of lighten peast jetty of Southwest Pass.............. .. 72 8.63o f10B5

7905 3 miles 5. 45* E. of lightship just outside of Southwest Pass.............228 B a
7906 7* miles 5. 33* E. of lightship just outside of Southwest Pass.............357Btt192 5

7907 7 miles S. 170 E. of station 7906..................................... 585 NBottom..u 119.0912
7908 1* mile S. 17* E. of east jetty light, South Pass........................ 102 B . 82 .02

7........7908a About 600 feet below surface of sea and about 18 miles 5. 16* W. of .......... ................ 19.99 ...... ......
South Pass light.

7908b 11 miles S. 800 E. of east jetty light, South Pass ........................ ......... Surface........ .36 .....
(14 miles S. 45* E. of Southwest Pass light; 141 miles S. 16

0 
W. of South 1 456 JSurface..... ... 13.88 . 81 . 1.015

7 .Pass light. I 4 !Bottom. ...... 19.85 71 1.0235
(Srfce7.42 79 1.00825

7910 81 miles south of South Pass light...................................... 306 {ttm.7.12 69 1.02
7910 Same, plunger sample ................................................ 306 Bottom.19.81...................
7911 6 miles S. 45 E. of South Pass light.................................. 252 { orface. .. 9.15480 1.010Botom.... 1969 64} 1.0235
7911 Same, plunger sample ................................................ 252 Bottom..19.53...................

7912 91 miles S. 50* E. of South Pass light......................... ........ 336 Surface13.62 81 1.0135

7913 121*miles S. 510 E. of South Pass light................................. 732 Ba96.

7914 10 miles S. 82* E. of South Pass light................................. 288 ufae.... 11.0115Bottm...... 8.47 76J 1.0225

7915 10* miles N. 780 E. of South Pass light................................ 204 Btrn197 1.023
Jourface..... 19266 684* 1.00

7916 61 miles S. 28* E. of Pass a Loutre light............................ 72 Surfacem....... 6424 7 1.00625

7917 miless S. 36* E. of Pass a Loutre light................................. 16 B ::a %98Bottm.._._ 10.0 7 78 1.0125

7918 7* miles S 47 E. of Pass a Loutre light............................... 126 Bu a: : 26 6 1.000,Bottm...e . 9 .6 83 1.000
7919 11' miles S. 51 E. of Pass a Loutre light............................... 330 Bottoe 19.79 64 1.0245

7919 Same, plunger sample................................................330 Bottom 19.83

7920 5 miles 5. 560 E. of station 7919.......... 486 B .... 18.14 74 1.021
7921 46 miles N. 390 E. of station 7917...................................... 102 Surface..Botm.__.... 17.08 73 1.022

a Strong odor of hydrogen sulphide. Gas driven off by boiling before determination of chlorine.

Chlorine content of additional samples, in grams per kilogram of water.

Surface sea water in West Bay J mile north of first lump north of Bald Lump, 1 mile west of Burrwood, La.;
Nov. 15, 1912, depth 8 feet . ......................................................................... 7.68

Black mud spring on minor Cactus lump, Burrwood, La., 1 foot below surface of water; Nov. 16, 1912.......... 15. 99
Mud spring in marsh 1 mile east of Spanish Fort; Nov. 17, 1912................... .................. 18.81
Sludge from mud spring on fourth right mud lump off Pass a Loutre (Mud Spring special No. 3); Nov. 20, 1912... 17. 18

The following data may be used for comparison:

Chlorine, in grams per kilogram, contained in water taken from different places.

Average for Mississippi River at New Orleans for 1905-6. (Analyses by J. L. Porter, chemist, New Orleans
Water and Sewerage Board, U. S. Geol. Survey Water-Supply Paper 236, p. 77, 1905).................. 0.0097

Sea water from southwest channel, Tortugas, Fla. (Sample collected in May, 1912, and tested at the
Plymouth, England, laboratory).....................................................................19.99

Average of 52 samples collected in May and June, 1913, from southwest channel, Tortugas, Fla. (Deter-
minations made by R. B. Dole, U. S. Geological Survey).............................................. 19.95

Average content of normal sea water. (Standard sea water, P7 2/2, 1912, issued by the Conseil Permanent
International de la Mer)........................................................................... 19.386
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The principal processes affecting the lower end of the Delta may be summarized briefly.
The most important is the building out of the coast line -through the accumulation of sediment

brought down by the river, the rate of progradation varying from season to season. Throughout
the lower part of the river's course it tends to build natural levees-that is, to make the land
near the river higher than that at a distance-and this tendency or a stiff clay or some other
factor has caused the delta to assume a bird-foot form. Littoral currents and practically all
other movements of the sea water tend to spread and sort the sediment. These movements
vary greatly from time to time and the method and extent of the distribution of sediment
are unknown, though probably more sediment goes westward than eastward. The beating of
the waves, though much less severe than in many other regions, produces some modifications
of the shore line. General subsidence, perhaps brought about by simple compacting and perhaps

by bodily flowage, allows the sea to encroach on the land where sedimentation is not most
active. Plants advance seaward by groups and check the transportation of sediment in the
areas of which they take possession. Lastly, there is this strange growth of mud lumps, which
plays an important part in arranging the material within the delta and perhaps also, as Hilgard
thinks, in locating and permanently confining the river channels.

THE MUD LUMPS.

The mud lumps generally lie within a mile of the end of a pass, no pass being entirely free
from them, and are most numerous on the right side of each channel. One is now active
1 mile south of the old Spanish magazine, 2 miles north of the mouth of Balize Bayou, and

perhaps its development is due to the fact that this bayou has recently become much enlarged.
A few others have been reported at somewhat greater distances from the end of a pass, but
most of them cluster rather closely about the outlets of the river. Just now they are most
numerous south of the end of Pass a Loutre, a chain of 20 or 30 lumps having developed in this
district in the last few years. North, Northeast, and Southeast passes each contain a few.
South Pass contains four or five, and Southwest Pass about a dozen.

The lumps are commonly 20 or 30 rods broad and stand 20 or 30 feet above the adjacent

bottom. With reference to sea level their heights are somewhat closely concordant, few extend-
ing more than 8 or less than 2 feet above the water. They are rounded or elliptical at first but
their exposed portions are soon carved into irregular shapes and some are cut in two by wave action.
Their growth occupies from a few hours to several years and is usually irregular. Generally a
mud lump rises in a few weeks or months to a height of 4 or 5 feet above the surface of the

water. Then it remains quiescent and is beaten down by the waves in the course of a few years.
Many of them subside, however, and some have disappeared in a night. Those that rise slowly
are considerably worn before they stop growing. Those that rise more rapidly and in protected
places are capped by laminated silt having a maximum thickness of 10 feet. The lumps are

appreciably more active during and immediately af ter high water. This is well shown in figure 5.
Concerning the (late given in this figure Mr. J. L. Hortenstine, of the United States Corps of
Engineers, says in a letter:

There was deposited in this area a total of 2,500,000 cubic yards of material during the recent high stage of the river.
This material was deposited during the months of March, April, and May, 1913. The additional material caused an
increased pressure over the area of 1,800,000 tons, or a mean pressure of 400 pounds per square foot. The maximum

pressure is found at a distance of 600 feet upstream from the chain of mud lumps shown on chart No. 5 [fig. 5, a] and

this pressure is approximately 825 pounds per square foot.

The stories related by sailors and pilots concerning the mode of growth of the mud lumps
are fairly consistent. One man states that the growth of a mud lump was accompanied by a
rather loud roar as it rose above the water, and another states that he once saw flashes of light
rising from a mud lump, but these statements are very different from the great mass of testi-
mony concerning the lumps, and it seems probable that they are not based on fact.
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The structure of the mud lumps appears to be comparable to that of bysmaliths. (See fig. 6.)
A dark bluish-gray clay of medium stiffness and great stickiness forms the central core. As
shown in the analysis of sample No. 26203, this clay contains some sand and silt, though not
in amounts sufficiently large to affect its consistency perceptibly. Upon and around the clay
core lies a series of faulted and folded strata of sand and silt which have been carried up from
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the sea bottom and deformed in the upheaval. The upper
parts of the mud lumps bear numerous fissures and some
normal faults, fine examples of block faults being com-
mon. A peculiarity of many of the new mud lumps is
that their surface resembles a plowed field, being covered
with irregular furrows running in every direction. This
effect, which has excited much wonder, appears to be
the result of slight erosion on an extensively fissured
surface.

One of the most significant facts concerning the mud
lumps is that they contain much more clay than has been
found in other parts of the Delta deposits. Borings, sev-
eral of them 45 feet and many of them 35 feet deep, were
sunk in the mud lumps in the fall of 1912, and they show
that most of this material is structureless clay. Similar
borings in other places in the region have found stratified
materials containing much sand. Sandy layers also com-
monly occur above and below the massive clay of the
mud lumps. A radial series of borings made on a mud
lump about 2 miles west of Burrwood showed that the
clay decreases and the sandy material increases in thick-
ness away from the center of the lump. This strongly
suggests that the mud lumps have been produced by
the lateral flowage of soft layers of clay, for no such
thick strata of clay have been found elsewhere in the
Delta.

The color of the clay, though generally dark bluish
or greenish gray, appears to change under certain con-
ditions to chocolate or reddish. Such tints are common
along cracks and are developed in some of the cones built
up by the springs on the lumps. On drying, the gray
clay becomes somewhat lighter in, color and crumbles, as
shown in Plate III, A. In this behavior and in its general
appearance it resembles the "buckshot" clay of northern
Louisiana and adjacent territory and the very sticky
and somewhat mucky clay that is commonly deposited
in marshes. The clay is so stiff that even where wet one
may walk upon it without sinking more than a few inches;
in fact the surface of the mud lumps is the firmest to
be found below Head of the Passes. Hence, although
the mud-lump islands are easy to reach and cross the
lumps surrounded by marsh are very difficult of access.

In the hope that organisms or organic remains might
be found in the clay which would show whether it is of marine or fresh-water origin, seven
samples were examined by Dr. Albert Mann, of the United States Bureau of Plant Industry, a
special search being made for diatoms. Concerning them he says:



A. WAVE-CUT CLIFF ON GIBRALTAR MUD LUMP, RED FISH BAY.

The mound on which the man stands was built by a mud spring now extinct, and its crest is nearly 15
feet above mean tide, a height considerably greater than most mud lumps attain. On the left is
shown a luxuriant growth of grass such as commonly flourishes on mud lumps.

1. MUD LUMP 3' MILES SOUTHEAST OF PASS A LOUTRE LIGHTHOUSE.

The men stand beside mud springs each of which is associated with a fissure. In the distance are
other mudglump islands.
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None of these samples are in any true sense mud containing diatoms. * * * I am not at all certain that all the
diatoms here listed would not be found in any sample of mud located in or near the mouth of a river. * * * The
rare specimens of diatoms discovered by great labor are not sufficiently frequent to indicate a marine or fresh-water
origin for any of the material.

MUD SPRINGS.

Among the most conspicuous and impressive features of the mud lumps are the mud springs
that are active on many if not all of them. (See Pl. I, C.) The discharge from these springs
consists of salt, watery mud (sludge), and gas. The amount of sludge discharged is very small
and the flow of gas is only 5 to 10 cubic feet an hour. When placed in a bottle the sludge
settles readily, leaving clear water at the top. Owing probably to evaporation and to a variable
admixture of rain water the saltness of this water ranges from somewhat more to somewhat
less than that of sea water. The mud slowly accumulates around the vents and forms cones
ranging in height from a few inches to several feet (see Pl. III, A), resembling miniature volcanoes.

Careful examination reveals the fact that many and perhaps all of the gas-mud springs
are closely associated with fissures. (See Pl. III, B.) Commonly the fissures are so nearly
obliterated that it is difficult to make sure of this fact, but on the freshest lumps both the
association of the springs with fissures and their absence between fissures are evident. It
seems, therefore, that when a lump is pushed up its upper part, especially the sand and silt
cap, is somewhat extensively fissured. Water rises in the fissures at least to the level of the
sea, and gas bubbles rise through the water, causing erosion of the sides of the fissure. In
places along fissures where conditions are favorable the rise of gas bubbles causes sufficient
erosion to keep a vent open long after the remainder of the fissure closes entirely. The delta
materials contain a large amount of both marsh gas and water, so that wherever a hole a few
feet deep is made it almost immediately fills with water and bubbles with gas.

The following considerations seem to militate against the idea that the sludge discharged
by the springs comes from a buried thick layer of flocculated clay. (1) The sludge settles
readily, leaving clear water at the top. (2) The flow is small, irregular, and long continued.
(3) The sludge in each spring has the color of the surrounding material. Two miles west of
Burrwood there are two springs less than 100 feet apart, in one of which the sludge is yellowish
and in the other nearly black. In the former the sludge rises through laminated yellowish silt
and in the latter through dark-gray clay. (4) The bottoms of several mud lumps of various
ages seem to have been reached and no layer or reservoir of sludge has been found.

It may be added that similar springs are associated with fissures elsewhere-for example
along Steeles Bayou, just north of Vicksburg. Here the springs rise in fissures in an over-
steepened bank. Where the quantity of water is considerable a clear stream flows from a small
depression like an ordinary spring, but where it is small and the water emits bubbles of marsh
gas the sides of the vent are eroded, the water becomes very muddy, and the slight overflow,
accompanied by evaporation and absorption of water, leads to the growth of cones.

This hypothesis of the origin of the mud springs seems to be further supported by the fact
that the vents are commonly constricted at the top, where they are only at certain times covered
with the bubbling fluid mud and hence subjected to less wear than the deeper parts. Most of
the vents are only a few inches in diameter at the top but widen to 1 or 2 feet a short distance
down. The sounding rod, which was pushed down to a depth of 40 or 45 feet in many of the
vents, penetrated 2 to 9 feet of thin watery mud,-then thicker and thicker mud to a depth of 10
or 15 feet, where it encountered ordinary, somewhat stiff mud-lump clay, and finally, at a
depth of 30 to 35 feet, stratified sand and silt.

GAS EMANATING FROM THE MUD LUMIPS.

Gas escapes at many places on the surface of the Delta, the vents appearing to be most
numerous and largest on and near the mud lumps, though the rate of flow rarely, if ever, exceeds
a few cubic feet an hour. Gas rises in bubbles in all the mud springs, though its rate of issue
varies. It also escapes from many cracks in the mud, rising bubbles being noticeable in many
places in the shallow water around the lumps.
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Two samples of gas were collected from the mud springs and on analysis were found to
consist principally of marsh gas (CH4 ), mixed with some oxygen, nitrogen, and carbon dioxide. 1

Other samples have been collected by E. W. Hilgard and A. L. Metz, and the analyses given by

them show similar results, except that Hilgard reports no oxygen.
The results of the analyses are believed to show correctly the general composition of the

gas, at least at the particular vents where the samples were taken. They appear to indicate

that the gas is not of deep-seated origin but has developed within a few feet of the surface,
for it lacks certain hydrocarbons commonly present in gas found deep in the earth. The

principal constituent, methane (CH4 ), emanates from most if not all marshes and generally

carries with it minor and variable amounts of nitrogen, oxygen, and carbon dioxide, all of

which are produced in the decay of vegetable matter. Hence it appears probable, though not

certain, that the gas from the mud lumps is produced in the ordinary reduction process which
affects plant material in marshes.

CONCLUSIONS.

The facts that the mud lumps are by far the thickest bodies of clay found in the Delta and

that the clay is overlain and underlain by materials similar to those found elsewhere through-

out the lower end of the Delta suggest that they are produced by a squeezing of the soft layers
and an accumulation of clay from such layers in places where the pressure is less strong, and

that the lumps are not upheaved by any such force as volcanism or by pressure from the

accumulation of salt, sulphur, or gas below the surface.
The reasons for believing that the mud lumps are not of gaseous origin may be summarized

as follows: (1) Their growth does not increase rapidly and terminate with something like an

explosion through which the gas pressure is relieved. (2) Numerous borings which have recently

been made have penetrated apparently to the bases of the lumps (to layers of sandy and clayey

silt like those found elsewhere throughout the Delta), without opening any considerable gas

reservoirs. (3) The lumps are somewhat closely associated with the ends of the passes and

there would seem to be no reason for this association if they were due to gas pressure. (4) The

more fluid clayey layers are greatly thickened instead of thinned in the upheaval. (5) The

gas given off is small in amount. (6) The lumps seem to reach equilibrium when they rise to

sea level or a few feet above. If they were due to gas they would presumably not be concordant
in height.

Hilgard's idea concerning the origin of the lumps-namely, that they are produced by the

pressure of a heavy resistant layer upon a fluid layer below-appears to be in accord with some

of the facts, but the results of borings recently made do not appear to support it, because, so
far at least, no layer of fluid material has been found below the surface, but instead alternating

thin layers of somewhat stiff sand and somewhat fluid clay. The process of flocculation by salt
water is no doubt continually in -progress, but the small percentage of clay in the sediment, the
seasonal changes, and the work of littoral currents appear to prevent the accumulation of a thick

body of semifluid clay. Another point in Hilgard's theory which seems open to question is
his idea that the lumps rise where the current has scoured to a greater depth than before existed,

thus weakening the crust of silt. (See Pl. II.) The mud lump in South Pass Channel to

which he refers and also the lumps in Southwest Pass are beyond the ends of the jetties, where

the bottom instead of being scoured deeper has been silted up.
The results of the recent work, though considerably more extensive than was hoped from

an investigation covering so short a time, are meager. The inferences as to the significance of

the data so far gathered may be incorrect, and new work may lead to conclusions very different

from those which now seem most reasonable. For example, it may be found that at a depth
of 50 feet or more the material is quite different from that which has so far been penetrated,

that it is more fluid, and that it has played the most active part in mud-lump growth.
The new hypothesis, which seems better favored by the data now in hand than any other,

is that the mud lumps are produced by a gentle seaward flow of layers of semifluid clay under

1 Shaw, E. W., Gas from mud lumps at the mouths of the Mississippi: U. S. Geol. Survey Bull. 541-A, pp. 12-15, 1913.
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the land and the shallow water near the ends of the passes, where this flow is opposed by the
comparatively resistant parts of the foreset beds. The tendency to flow is assumed to be due to
pressure developed by constant additions of sediment. Between the passes, where the mate-
rial is clayey and very yielding, this flow may reasonably take place without much upward
buckling anywhere, but near the ends of the passes, where wave and current action sort the
sediment and carry away some of the fine particles, leaving the more resistant material, the
material is more sandy and resistant. Also there is a greater lack of equilibrium between the
heavy land on the one side of a well-defined line and the water-only about half as heavy-on
the other than there is between the passes, where the angle between the top and front of the
Delta is not nearly so well defined. It seems reasonable to suppose that in places along the
border between the comparatively resistant and steeply dipping parts of the foreset beds and the
clay-bearing beds toward the land the pressure may be relieved by upward buckling accompanied
by great thickening of the clay. Such phenomena are not rare. The flowage of semifluid clay
has been frequently observed. It sometimes causes great difficulty in railway building or gives
rise to surprising changes in swamps. The unequal and intermittent settling of jetties, though
they are well founded on large willow mattresses, also suggests squeezing and flowage. This
settling has caused the abandonment of concrete for jetty building and a return to the use of
large blocks of crushed stone. The mud lumps appear to be the product of flow, because in
no other places have such thick bodies of clay been found, and the facts that they occur almost
exclusively near the.ends of the passes-most commonly west of them, where probably the
principal part of the sediment is being deposited-and that they are most active during and
after times of high water seem to be in accord with the hypothesis here presented.

The full details of the process will probably not be known until much more field work has
been done. Perhaps if the origin of the mud lumps can be learned, their formation in places
where they are objectionable may be prevented by shifting the locality of deposit or by modi-
fying in some way the distribution of the sediment. The fact that other large deltas are with-
out mud lumps appears to offer encouragement that a solution of the problem may be found.
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INTERPRETATION OF ANOMALIES OF GRAVITY.

By GROVE KARL GILBERT.

THE ANOMALIES.

A by-product of the adjustment of primary triangulation for the United States was the
determination of the deflection of the vertical at 765 stations. 1 In discussing these deflections
Hayford introduced the hypothesis of isostatic compensation, with the result that the deflec-
tions were "thereby reduced to less than one-tenth of the mean values which they would have
if no isostatic compensation existed." 2 The particular fQrm given to the hypothesis was this:

At some depth below the horizon of sea level, called the depth of compensation, the stresses due
to gravity are uniform. Each unit vertical column above the horizon of compensation con-

tains the same mass,3 the product of the length of the column by its mean density being the
same in all places, or the variation of length associated with topographic relief being compen-

sated by reciprocal variation of mean density. In the adjustment of the deflections of the ver-
tical various assumptions were made as to the depth at which compensation is complete, and

the depth yielding the best adjustment was found to be 122 kilometers.
Hayford and Bowie, in discussing the determinations of gravity at stations in the United

States, used the same hypothesis of isostatic adjustment and adopted from Hayford's earlier
work the estimate of 122 kilometers as the depth of compensation. For each of 124 stations
at which the intensity of gravity had been measured they computed the attractive influence
not merely of the elements of the neighboring topography, but of the topographic elements of

the entire earth, and the whole computation was made subject to the isostatic hypothesis.
The attractive influence thus deduced was added (algebraically) to the value of gravity appro-

priate to the latitude and altitude of the station, giving a theoretic or computed value, which
was then compared with the value obtained by observation. The difference-observed minus

computed-is called the local anomaly of gravity. The mean of the 124 anomalies is 0.020
dyne. This is approximately one-fourth as large as the mean of anomalies obtained without
the introduction of the isostatic hypothesis.

The success of the hypothesis in reducing anomalies of the vertical and anomalies of gravity

is held-properly, as I think-to show that isostatic adjustment in the earth's crust is nearly

perfect.. Taking the outstanding or residual anomalies as measures of the approximation to

1 The papers to which the present article refers are as follows:
Hayford, J. F., The figure of the earth and isostasy from measurements in the United States, U. S. Coast and Geodetic Survey, Washington,

1909; Supplementary investigation in 1909 of the figure of the earth and isostasy, U. S. Coast and Geodetic Survey, Washington, 1910; The relations
of isostasy to geodesy, geophysics, and geology, Science, new ser., vol. 33, pp. 199-209, 1911.

Hayford, J. F., and Bowie, William, The effect of topography and isostatic compensation upon the intensity of gravity, U. S. Coast and Geo-
detic Survey Special Pub. No. 10, Washington, 1912.

Bowie, William, Effect of topography and isostatic compensation upon the intensity of gravity, U. S. Coast and Geodetic Survey Special Pub.
No. 12, Washington, 1912; Some relations between gravity anomalies and the geologic formation[s] in the United States, Am. Jour. Sci., 4th ser.,
vol. 33, pp. 237-240, 1912.

Spencer, J. W., Relationship between terrestrial gravity and obseved earth movements of eastern America, Am. Jour. Sci., 4th ser., vol.
35, pp. 561-573. 1913.

2 Figure of the earth and isostasy, p. 175.

3 Mass is the term employed by Hayford, and his usage has been followed in the present paper. In strictness weight is the quantity with

which isostasy is concerned, and the substitution of mass for weight in the analyses involves the assumption that gravity is uniform from top to

bottom of the zone of compensation. It is, in fact, about 1 per cent greater at the depth of 122 kilometers than at the surface. The numerical

errors possibly entailed by the substitution are negligible.
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perfect adjustment, the authors state that the mean anomaly in the vertical corresponds to the

mass of a rock layer 250 feet thick, and the mean anomaly in gravity to a rock layer 630 feet

thick.'
Each measurement of the intensity of gravity is of course affected by an error. The corre-

sponding computed intensity is also affected by an error. Their difference, the anomaly, is the

algebraic sum of the two errors. The average error of the observed values of gravity is demon-

strably small, so that the anomalies differ little from the errors of the computed values. The

error of a computed value is not all from a single source. Part of it comes from the data used,

such as the altitude, the mean density of the surface rock, and especially the configuration of

the surrounding topography; another part comes from the methods of computation, which were

somewhat shortened for the sake of economy; and a third part comes from assumptions con-

nected with the specific hypothesis of isostatic compensation. The authors cited discuss these

classes of error with care and reach the conclusion that all are small in comparison with those

arising from the assumptions. 2 An attempt to interpret the anomalies may therefore properly

include the consideration of their relations to various assumptions.

INTERPRETATION BY IMPERFECT ISOSTATIC ADJUSTMENT.

The explicit general assumption as to compensation is that the excess of mass in any crustal

column due to its projection above sea level is exactly compensated by defect in density uni-

formly distributed from the surface to a depth of 122 kilometers; and that defect of mass in any

unit column beneath the ocean is similarly compensated by excess of density (with due allow-

ance for the mass of the overlying water). This general assumption includes the more specific

assumptions (1) that the compensation is perfect, (2) that the compensatory defect or excess

is uniformly distributed through the column, (3) that the depth of compensation, 122 kilometers,

is not subject to variation from place to place. To these may be added an implicit assumption

of which there will be occasion to speak on a later page. The inexactness of the three assump-

tions is explicitly and fully recognized by the authors cited,3 but their discussion gives promi-

nence only to the inexactness of the first. In a general way they interpret the anomalies as due

to uncompensated local excesses or defects of mass in the crustal layer, or, in other words, to

imperfection of isostatic adjustment. The present paper will consider the possibilities of inter-

pretation connected with the other specific assumptions.

INTERPRETATION BY VERTICAL HETEROGENEITY OF CRUST.

In place of the assumption that the vertical distribution of compensatory density difference

is uniform, let us assume that it is subject to the same variation as is the assumed horizontal

distribution of compensatory density difference. In each case the compensatory element of

density is but a small fraction of the entire density.

The topographic relief most intimately associated with the gravity stations is that of

the United States. The mean altitude of the United States, as given by the authors, is 2,500

feet, or 762 meters; and the compensatory correction to density for +762 meters is

762 X2.67
7122,000 = -0.0167. The compensatory correction for neighboring oceanic topography is

positive, and its average is coordinate in amount. The value 0.0167 may serve as a rough

estimate of the average departure in density which was assumed in computing corrections for

topography. An alternative estimate may be based on the topographic relief of the entire
globe. Again, using the level of the ocean surface as a horizon of reference, making due allow-

ance for the partial compensation given by the .mass of the water, and combining positive and

negative corrections irrespective of sign, we have 0.0381 as the resulting value of the average

departure in density. Neither mode of estimation is entirely satisfactory, but together they

1 This figure applies to 122 instead of 124 anomalies. By omitting two aberrant anomalies the mean is reduced from 0.020 to 0.018. See Special
Pub. No. 12, p. 23.

2 Special Pub. No. 10, pp. 88-94.
a Idem, p. 11.
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yield an order of magnitude; and an intermediate value, 0.025, will be accepted as sufficiently
precise for the present purpose. In order to discuss the effect of a vertical variation of density
coordinate in amount with the postulated horizontal variation, it will be assumed that the
average deviation of the density of any large portion of the crustal column from its normal
is 0.025.

In the diagram, figure 7, vertical distance represents depth below the earth's surface, A
corresponding to the surface and B to the level of compensation, 122 kilometers below. Hori-
zontal distances, measured from AB as origin, represent density. The line CD arbitrarily
represents the normal curve of density in relation to depth. The nature of. the curve within
the zone of compensation is unknown, and its form hes no importance in the present connection.
The shaded area CE expresses the assumption that in a particular locality the upper half of
the zone is characterized by a uniform defect of density, and the shaded area DF expresses
the assumption that in the same locality the lower half of the zone is characterized by an excess
of density of the same amount. The widths of the areas correspond by scale to departures
of 0.025. The introduction of these departures in density does not affect the total mass of
the unit column, but it does affect the intensity of gravity at the top of the column. The
tract of deficiency being nearer to the surface than the tract of excess, the loss of attraction
exceeds the gain and there is a net reduction of the intensity of gravity.

To obtain numerical results it is necessary to assume horizontal as well as vertical dimen-
sions for the bodies of rock affected by abnormality of density, and computations are facilitated
by giving each ideal body the form of a right cylinder, the one resting on the other. The
radius of the cylinders is assumed as 61 kilometers (one-half of the depth of the level of com-
pensation); the assumed defect in density for the upper

cylinder and the assumed excess for the lower are each 0.025; A

and the station on which their influence is computed is
assumed to be at the center of the upper face of the upper.E F

cylinder. The computed influence 1 of the defect in density

on gravity at the station is - 0.0375 dyne; that of the excess
is +0.0115 dyne; and their algebraic sum is -0.026 dyne.
If the excess of density is in the upper body and the defect FIGURE 7.-Hypothetic relation of density anom-

in the lower, the effect on surface gravity is + 0.026 dyne.
These quantities are to be compared with the mean anomaly for the system of gravity stations,
which is 0.020 dyne.

Thus it appears that the same moderate assumptions as to variation of density which
Hayford and Bowie apply to horizontal relations in discussing isostatic compensation yield,
if applied to vertical relations, departures in gravity intensity of the same order of magnitude
as the outstanding anomalies found after making allowance for isostatic compensation.
From this I infer that the anomalies may be in part due to irregularities in the vertical dis-
tribution of densities, or that such irregularities are competent, alike in the nature of their

influence and in its possible amount, to cause such anomalies of gravity as have been discovered.

INTERPRETATION BY VARIATION OF DEPTH OF COMPENSATION.

Let us now consider the effect of removing the restrictive assumption which makes the
depth of compensation uniform at all points. In Hayford's discussion of deflections of the ver-
tical separate computations are made for ten divisions of the United States, and the results of
these computations lead to the conclusion "that while there are indications that the depth of
compensation is greater in the eastern and central portions of the United States than in the
western portion, the evidence is not strong enough to prove that there is a real difference in
depth of compensation in the different regions;" 2 but the authors of the papers on gravity use
only the assumption of uniformity. In view of the recognized heterogeneity of crustal material
it appears to me both possible and probable that the depth at which material is sufficiently
mobile to effect isostatic adjustment is subject not only to regional but to highly localized

1 Computed by means of a formula given by Hayford and Bowie in Special Pub. No. 10, p. 17. 2 Figure of the earth and isostasy, p. 143.
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variation. To obtain an idea of the quantitative relations between local variation of the depth
of compensation and resulting variation of gravity, I have postulated a circular tract having a
radius of 61 kilometers and having such topographic relief that the compensatory density, for a
depth of 122 kilometers, is -0 025. Then I have introduced various changes in the postulated
depth of compensation, with corresponding changes in the compensatory density, and com-
puted the effect on local gravity. The change in intensity of gravity corresponding to 40 per

cent increase in the depth of compensation is - 0.0161 dyne; the change corresponding to 40 per
cent decrease is + 0.0125 dyne. These quantities are to be compared with the mean anomaly
of gravity, 0.020 dyne. The resulting figures would be somewhat but not greatly different if
the computations were applied to an area several times larger.

The general fact appears to be that local variations of the depth of compensation are com-
petent to cause anomalies of gravity, but that.very large variations would be necessary to pro-
duce such anomalies as have been observed. To explain in this way the greatest of the anomalies
it would be necessary to assume that the zone of compensation is many times as deep at some
places as at others. While' such a condition may not be impossible, the geodetic results indicate

that it is highly improbable; and I am disposed to regard variation in depth of compensation
as decidedly less available in interpreting anomalies than variation in the vertical distribution
of densities.

GEOLOGIC RELATIONS OF ANOMALIES.

To exhibit the geographic distribution of anomalies the authors cited have drawn lines of
equal anomaly on a map of the United States; 1 and these lines are reproduced in Plate IV.
The contour interval is 0.01 dyne, and areas of plus anomaly are distinguished from areas of
minus anomaly by shading. The positive and negative anomalies are not indiscriminately
mingled, as should be expected if the anomalies had the character of accidental errors, but fall
into groups. Large districts of plus anomaly appear and other large districts of minus anomaly.
This effect is undoubtedly heightened by the fact that the distances between stations are large,

but is not created thereby. A comparison of parts of the map controlled by numerous stations
with parts controlled by few and a comparison of this map based on 124 stations with an earlier
map based on 87 stations leave no question in my mind that there is a veritable areal grouping

of the anomalies. With the multiplication of gravity stations the courses of the lines will be
modified, and contrasted areas will become more clearly defined, but the type of the future
map is shown by the one we now have.

The anomaly m ap is in some way an expression of subterranean structure, for it tells of the
distribution of mass. As the subterranean structure is a product of the earth's history, the
distribution of anomalies has a historical significance. To determine the nature of this signifi-
cance is a problem in interpretation.

Bowie 2 has classified the anomalies according to the geologic formations occurring at the

stations to which they pertain, thus in effect attempting a correlation between the map of anoma-
lies and the geologic map, but the correspondences are not important. By a series of computa-

tions he shows that such local excesses or defects of mass as may be ascribed to the densities
and volumes of formations visible at the stations are not at all adequate to explain the
anomalies.

Hayward and Bowie have compared the anomalies with areas of large recent unloading of
the crust by erosion and with areas of large recent loading by deposition, but have not found
such correspondence as to support the hypothesis of cause and effect;3 and a similar negative
result followed an attempt to correlate anomalies with the loadings and unloadings of certain
districts by the ice of glacial time.4 Spencer s emphasizes the fact that there are large plus
anomalies within the region once covered by the Laurentian ice sheet and regards it as proof

I Special Pub. No. 12, illustration No. 2.
2 Am. Jour. Sci., 4th ser., vol. 33, pp. 237-240, 1912. See also U. S. Coast and Geodetic Survey Special Pub. No. 10, pp. 113-117, 1912.
3 Special Pub. No. 10, p. 112.
4 Idem, p. 116.

5 A m. Jour. Sci., 4th ser., vol. 35, pp. 569-570, 1913.
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INTERPRETATION OF ANOMALIES OF GRAVITY.

that the rising of that region after the removal of the ice load was not caused by the removal
of load.

In the drawing of inferences from the relations of anomalies to loading and unloading
much depends on the mode of interpreting anomalies; and, conversely, the relations of anom-
alies to loading and unloading may be used as tests of modes of interpretation. In a general

way the continental shelves have long been areas of loading and adjacent land districts have
been areas of unloading. To whatever extent isostatic compensation for this loading and

unloading has been imperfect, to whatever extent the readjustment lags behind the dis-

turbance of equilibrium, there.should be an excess of mass under the submerged shelf and a
deficiency under the land. Under the hypothesis of interpretation which correlatesexcess
of mass with plus anomalies and defect of mass with minus anomalies we should expect to
find, as a general fact of the anomaly map, an anomaly gradient from ocean to land in

coastal regions. Such a gradient is, in fact, found between Boston, Mass., and Trenton,
N. J., and between Florida and the Rio Grande, the two stretches comprising one-third of our

coast; but the gradient is unequivocally oceanward between Delaware and Florida, and
elsewhere its direction is parallel to the coast. The Appalachian belt south of the region of
glaciation has been practically free from loading during two geologic ages and has been
unloaded to the extent of many thousands of feet of rock. Isostatic adjustment may be sup-
posed to have added mass in compensation for the unloading, or for part of it, but may not
plausibly be supposed to have overcompensated so as to create an excess of mass. Never-

theless, there are large plus anomalies in that belt, and their existence evidently creates a
difficulty in interpreting plus anomalies as due to crustal excess of mass. The district of

greatest loading in recent time is the Delta of the Mississippi, and if isostatic adjustment has
not fully kept pace with the loading there should be in this district a local excess of mass.

The fact that the local anomaly is minus instead of plus calls in question the mode of inter-
pretation which infers crustal defects of mass from minus anomalies.

The hypothesis that certain Pleistocene sinkings and risings of the land were caused by
the associated additions and removals of ice load is in general accord with the theory of

isostatic adjustment. If it is true that the crust became approximately adjusted to the last
loading and that the subsequent deformation, of which we have record in the inclined shores
of glacial lakes, was caused by a readjustment during and after the final unloading, then

there should be no excess of mass in the readjusted or readjusting area. Because there is
a tract of plus anomaly within this area Spencer discredits the hypothesis of deformation

through unloading, but the fact may equally be used to discredit the hypothesis underlying
his mode of interpreting anomalies.

In all these cases involving loading or unloading the hypothesis that the anomalies
represent imperfect compensation and imperfect adjustment yields results which are unsat-

isfactory because they are opposed to plausible expectation, and the expectation is plausible

because it is founded on the theory-we need no longer call it the hypothesis-of isostatic
adjustment. In all these cases the distribution of anomalies may be reconciled with rational
expectation by assuming local irregularities in the vertical distribution of densities, and the
irregularities thus assumed need be only of the order of magnitude of those irregularities in
horizontal distribution of densities which have been assumed in the reduction of the geodetic
observations.

In my opinion these considerations connected with phenomena of loading and unloading

serve to show that the anomalies may not properly be interpreted as due exclusively to crustal
excesses and defects of mass existing because of imperfection of isostatic adjustment. Some
additional mode of interpretation must be admitted, and at least one other mode, that con-
nected with irregularities in the vertical density gradient, appears to be both qualitatively
and quantitatively competent.

If the two modes of interpretation are accepted as coordinate, it becomes possible to extend
the conclusion of Hayford and Bowie as to the perfection of isostatic adjustment. The one
mode of interpretation, if used exclusively, yields an average imperfection of adjustment
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measured (positively or negatively) by the weight of a layer of rock 630 feet thick; the other, if

used exclusively, implies no imperfection of adjustment. Any combination of the two yields
the conception of an adjustment more nearly perfect than would be implied by the measure of
630 feet of rock.

If vertical irregularity of density were to be accepted as the exclusive cause of gravity

anomaly, the map of gravity anomaly would become (approximately) a map of vertical density

anomaly, each area of minus gravity anomaly being replaced by an area in which departures
from the normal density gradient of the crust are negative near the surface and positive below

and each area of plus anomaly by one in which density departures are positive near the surface

and negative below. Such a change would remove the problem of interpretation to a new

position, by raising the question of the origin of the anomalies in density. Giving attention

to this new question, I have been led to the suggestion that a competent cause for the pe-cu-

liarities of density distribution would be apt to find expression also in the greater facts of the

structure of the continent. Among those greater facts, so fur as we are able to read them in

the visible structure and physiography, are (1) the Appalachian-Ozark belt of corrugation and

(2) the strong contrast, farther west, between a cordilleran region of strong orogenic disturbance

and a plains region of relative freedom from disturbance; and I have studied the relation of

these features to the features of the anomaly map. The correspondences are so slight that they

may be regarded as accidental, and the general relation is that of independence and discordance.

The result is of limited significance because the visible structure elements may constitute but

a small fraction of the structure of the crust, but so far as it goes it fails to support the

hypothesis that the anomalies of gravity are due exclusively to anomalies in the vertical
distribution of density within the crust.

THE LOCUS OF ADJUSTMENT.

Hayford has given an analysis of the general mechanics of isostatic readjustment when the

isostatic equilibrium has been disturbed by erosion and deposition. 1 The analysis reveals
stresses tending to cause an undertow within the crust, and adjustment is ascribed by Hayford

to the undertow. My own conception of the process of adjustment accords with these features

of his analysis, but adds the idea of relative mobility as an important condition in determining
the place of underflow and the perfection of the adjustment.

Now that the argument from tides has been efficiently supported by that from the speed

of earthquake waves, we may accept with confidence the doctrine of the high rigidity of the

earth's nucleus. The theory of high rigidity accords also with the fact of high density, provided

the nucleal materials are similar to the crustal, for with sufficient compression the viscosity of

even the most mobile fluids become high rigidity. Immobility at all depths below that of

compensation is either explicitly or implicitly assumed by Hayford and Bowie.

On the other hand, there is much geologic evidence of mobility somewhere below the

surface. Part of this evidence is volcanic. The continuous or secular relations of pressure,

temperature, and density in the subterranean region from which liquid rock rises at intervals

may be assumed to be such that moderate change of condition either induces liquefaction or

else so lowers the density of rock already liquid as to render it eruptible; and such a balanc-

ing of conditions implies some sort of mobility. Other evidence is diastrophic. In some

regions, such as the Appalachian, overthrusts and folds testify to great reduction in the

horizontal extent of rocks near the surface, the reduction having been accomplished in a

small fraction of geologic time. If the subjacent portion of the nucleus had been correspond-

ingly forced into narrower space there would have resulted an enormous mountain range, but

the actual uprising was of moderate amount. Plausible explanations of the phenomena neces-

sarily include horizontal movements of the upper rocks without corresponding movements of

the nucleus and thereby imply mobility in an intervening layer. In certain block-mountain

districts of the West the master faults are antithetic in type to the overthrust and demon-

Science, new ser., vol. 33, p. 202, 1911.
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strate pronounced extension of the upper part of the crust. The nucleal tract beneath could
not share in this extension without creating an enormous depression, which does not exist;
and the interpretation of the phenomena involves horizontal shear in material more mobile
than the visible upper rocks.

The conception thus engendered, of a relatively mobile layer separating a less mobile layer

above from a nearly immobile nucleus, appears to me in full accord with the evidence which

geodesy affords of isostatic adjustment. The geodetic "depth of compensation" agrees with

such suggestions as to the position of the horizon of maximum mobility as might .be afforded

by the volcanic and diastrophic phenomena. The existence of a horizon of mobility accords
with the inference of approximate perfection of isostatic adjustment.

It is not necessary to suppose that the degree of mobility at the horizon of mobility is

that of a liquid at the surface. When such mobility is attained by any but the densest rocks

eruption takes place. It is not necessary to think of the degree of mobility as uniform, either

from place to place or from time to time. Its place variation would naturally be coordinate

with that of rock types, and its time variation coordinate with epochs of elevation and subsid-

ence. Neither should the depth of the horizon of maximum mobility be thought of as uniform.

INTERPRETATION BY NUCLEAL HETEROGENEITY.

The inner earth is the inalienable playground of the imagination. Once it contained the

forges of blacksmith gods; or it was the birthplace of our race, or the home or prison of dis-

embodied spirits. Later Symmes hollowed from it a vast habitable empire, concave like the

world of Koresh. Science now claims exclusive title but holds it chiefly for speculative purposes;

and the freedom of speculation practically recognizes but two limitations: The inner earth is

dense, and it is rigid. As to all other properties opinion is untrammeled.
It is my own view that the inner part of the nucleus is not merely hot, but very hot. If

the law of compression by pressure and the law of expansion by heat, as we know them at the

surface, apply equally to the nucleus, then the mean temperature of the earth must be enor-

mous in order to afford a mean density so low as 5.6. An enormous temperature implies

an 'enormous store of heat. This is the source of the energy involved in the hypogene activ-

ities of the earth, and it is fed to the crustal region by conduction. If the earth were com-

posed of homogeneous shells diversity of crustal activity would depend on outside conditions

only and would be connected with latitude. In fact, however, the diversity of crustal activity
is largely independent of latitude. It is in part related to visible diversity of crustal material,

but in larger part it appears unrelated to things visible. Deformation sometimes shows or

seems to show dependence on erosion and deposition, but any such scheme of causation yields

a running-down process and fails to account for the perpetual initiative of geologic activity

through the ages. The deformations which have not only developed but perpetually remodeled

the continents have a source below the surface. Their method probably involves reactions

between temperature, pressure, and the physico-chemic constitution of rocks, but these reac-
tions, like the superficial reactions, yield running-down processes and do not afford a funda-

mental explanation of crustal activity. The factor to which I appeal is primordial hetero-

geneity of earth material, a heterogeneity which gives diversity to the flow of heat energy

and to the physical and chemic changes of crustal regions. It does not seem sufficient that the

crust be heterogeneous; there should be heterogeneity also below the horizon of mobility.

Under this speculative view of the earth's constitution the anomalies of gravity may be in

part occasioned by tracts below the level of compensation which are characterized by exceptional

density. It appears to me quite possible that underflow in a mobile layer might effect a prac-

tically perfect adjustment for differences in density above the layer, so as to bring crustal

densities and crustal relief into harmony, and yet leave uncompensated the differences in density
of the nucleus.

To obtain some idea as to the quantitative ability of nucleal heterogeneity to modify gravity,

let us assume that abnormalities of density are as great in the nucleus as in the crust. Let us
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assume that just below the horizon of compensation is a nucleal tract in which the abnormality
of density is 0.025, and that the form and dimensions of the tract are those of a right cylinder
with height and radius each equal to 122 kilometers. The computed attraction of the nucleal
abnormality of mass, exerted at a gravity station situated directly above the center of the

cylindric tract, is 0.023 dyne; and this is of the same order of magnitude as the mean anomaly
of gravity, 0.020 dyne. The influence of such an abnormality of mass would have its maxi-
mum at the station and would diminish with increasing distance from the station, the general

result being a hill or a hollow on the contour map of anomalies of gravity.
The mode of interpreting gravity anomalies which appeals to nucleal heterogeneity is

applicable not only to those anomalies which encounter difficulty in dealing with districts of
loading and unloading, but also to those grouped anomalies whose areas and contours exhibit

independence of all visible geologic structure. It seems, in fact, to be competent to account
for all anomalies except such as exhibit very steep gradient. On the other hand, if the devel-
opment of the subject shall show that there are anomalies which can be explained in no other

way, the existence of such anomalies may constitute evidence of nucleal heterogeneity.
Hayford and Bowie, by ignoring the possibility of nucleal density anomalies, implicitly

assume isostatic adjustment in the nucleus, such an adjustment as would exist in a nucleus
composed of concentric homogeneous shells. The alternative interpretation of gravity anom-
alies just outlined is founded on the supposed inexactness of that assumption.

REVIEW AND CONCLUSION.

The mean density of the earth is about twice the average density of earth material at the

surface. In a general way density increases from the surface downward. If the density gradient
were everywhere the same the earth might be described as composed of concentric layers, each
homogeneous as to density. The actual departures from such an equable arrangement may be
called anomalies of density. Anomalies of density systematically related to topographic relief
have been assumed by Hayford and Bowie in computing theoretic gravity at each gravity
station, the difference between the theoretic gravity and observed gravity being the local anomaly
of gravity. An anomaly of gravity (except as affected by errors of observation, etc.) is caused
by anomalies of density other than those systematically introduced into the computations.
Hayford and Bowie's system of density anomalies is one which assumes isostatic equilibrium
at a depth of 122 kilometers. The distribution of the additional anomalies of density necessary
to account for the anomalies of gravity is unknown. So many different distributions seem

possible that the actual distribution may not be determinable. One suggested distribution
(Hayford and Bowie) includes only horizontal variation and restricts variation to the crustal
region. It involves moderate imperfection of isostatic equilibrium at the depth of 122 kilo-
meters, and it encounters difficulties when applied to the anomalies of regions which have

recently gained or lost mass through loading or unloading. A second suggested distribution, or
element of distribution, involves vertical variation within the crustal region. Taken by itself
it seems equally competent with the first, and it does not involve the same imperfection of
isostatic equilibrium. A third suggestion, coordinate with the others in that it is quantita-
tively adequate, is that the additional anomalies of density are not confined to the crustal
region but occur also at depths greater than 122 kilometers and below the region of isostatic
adjustment. A fourth suggestion, that the distribution of the additional anomalies of density
is connected with variation in the depth of the horizon of adjustment, may supplement either
of the others but is not by itself sufficient to account for the anomalies of gravity.

Volcanic phenomena and phenomena of crustal shortening and crustal extension indicate a

horizon of relative mobility above the rigid nucleus. To whatever extent a subcrustal layer is
mobile the means are furnished for approximately perfect isostatic adjustment at that level. It
is inferred that the actual adjustment is more nearly perfect than would be indicated by the
geodetic data if those data were interpreted according to the first of the above-mentioned
suggestions. The geologic evidence in favor of a mobile layer combines with the evidence from
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approximate isostasy despite surface transfers of load to show that the anomalies of gravity are
not due chiefly to uncompensated excesses and deficiencies of mass in the crust; and I incline
to the view that the hypothesis which so interprets them is one of the least probable of the
four suggested.

The second and third suggested interpretations-that by vertical arrangements of anomalies
of density within the crust, and that by anomalies of density below the horizon of isostatic ad-
justment-are not competitive, and each may prove to have its field of application. The sec-
ond has a sound basis, for vertical variation of density in the crust is demonstrated as far down
as the sources of volcanic eruption. The third has perhaps no more than a presumption in
its favor. The failure of anomalies of gravity to group themselves in harmony with large fea-
tures of crustal structure makes it easy to think that their grouping may be related to nucleal
structure. When the multiplication of gravity stations shall have relieved some of the broad
areas of the anomaly map from their present vagueness, the groupings may be found more
significant than they seem at present. Crustal diversity may be to an important extent a prod-
uct and record of the geologic chapter of earth history. Nucleal diversity, if it exists, belongs
to pregeologic chapters.

Starting with geodetic and topographic data and assuring certain uniformities, Hayford
and Bowie have demonstrated isostasy and developed a gravity anomaly map. The map
contains a body of observational data coordinate with the geodetic and topographic. By a
future mathematical discussion which treats the three bodies of data together and which
recognizes alternative interpretations of the anomalies of gravity it may be possible to prac-
tically demonstrate the meaning of the anomaly map. At present the map seems to express
chiefly an effect of heterogeneity in the nucleus and an effect of irregularity in the vertical
distribution of densities within the crust.
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THE JURASSIC FLORA OF CAPE LISBURNE, ALASKA.

By F. H. KNOWLTON.

INTRODUCTION.

A peculiar and absorbing interest attaches to the study of the fossil floras of the arctic

regions, for they indicate climatic conditions very unlike those now existing in those regions.

In place of the present snow and ice and the scant, almost perpetually frozen soil which sup-

ports but a handful of depauperate plants, the conditions from at least late Paleozoic to

middle Cenozoic time made an abundant and luxuriant vegetation possible, at least during

certain periods. Although these lands are now so inhospitable, and hence but rarely visited,

an astonishing amount of information concerning their fossil floras has been accumulated,

and to this knowledge Alaska has contributed its full quota, though doubtless much more

will ultimately be known.

The recent publication of a report by Prof. A. C. Seward on the Jurassic plants of Amur-

land, long known from the historic researches of Oswald Heer, has called to mind the existence

of a considerable collection of similar plants from the vicinity of Cape Lisburne, Alaska,

that has been in my possession for a number of years. As it is now possible, with Seward's

paper in hand, to recognize still further the striking resemblances between the Jurassic floras of

Alaska and Siberia, it seems an opportune time to present the results of this recent study. A

preliminary examination of this material was made, and certain tentative identifications were

adopted in a short report for the use of the geologists who collected it, but this is the first

time it has been adequately described and figured.

The material considered in this paper was collected in 1904 by Arthur J. Collier, of the

United States Geological Survey, while engaged in a study of the geology and coal resources

of the Cape Lisburne region.' The coal deposits are extensive and are the only mineral re-

sources of the region known to be of commercial importance. Collier describes the locality as

follows:

Cape Lisburne is the bold headland which marks the northwestern extremity of a land mass projecting into

the Arctic Ocean from the western coast of Alaska between latitudes 680 and 690. It lies 160 miles north of the

Arctic Circle, about 300 miles directly north of Nome, and is the Qnly point in Alaska north of Bering Strait where

hills above 1,000 feet in height approach the sea.

So far as known, the rocks of the Cape Lisburne region are all sedimentary. The age

represented, with the approximate thickness of each, is given by Collier as follows: Devonian (?),

2,000 + feet; Lower Carboniferous [Mississippian], 4,500 + feet; Upper Jurassic, 15,000 + feet;

Lower Cretaceous (?), 10,000 + feet; Pleistocene, 50 feet.

THE CORWIN FORMATION.

The Jurassic section to which the name Corwin formation has been given is described by

Collier 2 as follows:

The older of the Mesozoic formations, which takes its name from Corwin Bluff and the coal mines there located,

is best exposed on the coast at a point 26 miles east of Cape Lisburne and thence extends northeastward to Cape Beau-

fort, a distance of 40 miles, which is the limit of this investigation. It is known to occur again near Wainwright Inlet

1 U. S. Geol. Survey Bull. 278, pp. 1-54, Pls. I-IX, 1906. 2 op. cit., p. 27.
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100 miles beyond Cape Beaufort, and there is some reason for the belief that it is continuous to that point. The southern
boundary of the formation extends in a southeasterly direction from the coast for about 12 miles, when it turns to the
south. Beyond this the inland extension of the formation .has not been determined. * * *

No contact between the Corwin formation and the Carboniferous [later determined to be in part Triassic] rocks
described occurs within the limits of the area under investigation, though an unconformity is evident from certain
beds of conglomerate containing pebbles derived from the Carboniferous. Lithologically the formation consists of
rather thinly bedded shales, sandstones, conglomerates, and coal beds. Fossil plants occur in the shales wherever
they have been closely examined. * * * The formation throughout presents very little variation in lithologic
character beyond the fact that in some portions of the section the shales are more carbonaceous, while in others they
are more calcareous. Throughout the section there is nearly the same proportion of sandy beds.

As already indicated, the Corwin formation reaches the enormous thickness of over 15,000

feet and contains forty to fifty coal beds which range in thickness from 1 or 2 to over 30 feet,

ten being over 4 feet thick and suitable for mining, the whole aggregating at least 150 feet.

PLANT COLLECTIONS.

The plant material obtained from the Corwin formation is comprised in nineteen collections,

from as many localities, distributed along the coast from Corwin Bluff to Cape Beaufort, a

distance of about 140 miles and apparently representing beds at different horizons throughout

the formation. So far as the data at hand indicate, there is little or no variation in 'the flora

through the whole thickness of the formation. When the preliminary examination of this mate-

rial was made, and without knowing the relative stratigraphic position of any of the collections,

a tentative attempt was made to fix the position in the section of a few of the lots. This attempt,

however, was a failure, for certain collections which it seemed probable belonged near the base

were in reality well distributed through the section and, for the present at least, the flora must

be considered as a unit. As Collier has well said, "It is reasonable to expect some changes in

the flora from the base to the top of a formation of such great thickness, but in this case the

variation, if it exists, will probably be detected only by the paleobotanist after a critical per-

sonal examination of the section."
As Collier's collection was not the first to be made in the Cape Lisburne region, a brief

review of previous collections and the age determinations given to them may be of interest.

Apparently the first to obtain material from the Corwin formation was A. Collie, who

accompanied Capt. F. W. Beechey on his celebrated voyage to the Arctic. He first noted the

presence of coal beds at Cape Beaufort and speaks of "carbonized impressions of reeds, both

fluted and plain, generally flat," which were taken by William Buckland,1 who reported on the

material, as indicating Carboniferous. As already noted, Collier found only Jurassic at Cape

Beaufort.
Nearly 50 years passed before anything further was known from Cape Lisburne. From

1884 to about 1887 Henry D. Woolfe, while in the employ of the Pacific Steam Whaling Co.,

made annual visits to the region and sent to the United States National Museum a considerable

collection of fossil plants. This material was studied by Lesquereux,2 who enumerated the
following forms:

Aspidium oerstedi Heer. Irites alaskana n. sp.
Asplenium dicksonianum Heer. Pecopteris denticulata Heer.
Asplenium foersteri Deb. and Ett. Pinus? staratschini Heer.
Baiera palmata Heer. Podozamites latipennis Heer.

Chondrites filiciformis n. sp. Zamites alaskana n. sp.

Lesquereux concluded that the age of the beds was probably Neocomian.

In 1890 H. D. Dumars made a small collection of plants from the Corwin coal mine, which

came ultimately to the United States National Museum. This collection, together with all of

the Woolfe material, was elaborated by W. M. Fontaine for Lester F. Ward's monograph

"Status of the Mesozoic floras of the United States." 3 Fontaine revised and changed many

' Zoology of Captain Beechey's voyage, Geology, p. 173, London, 1839.
2 U. S. Nat. Mus. Proc., vol. 10, p. 36, 1887; vol. 11, pp. 31-33, 1888.
3 U. S. Geol. Survey Mon. 48, pp. 153-175, Pls. XXXIX-XLV, 1905.
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of Lesquereux's determinations and as a final result of his studies gave the following list of
species:

Chondrites filiciformis Lesq. Podozamites grandifolius? Font.
Dicksonia saportana Heer. Baiera gracilis (Bean) Bunb.
Onychiopsis psilotoides (Stokes and Webb) Ward. Ginkgodium? alaskense Font.
Cladophlebis vaccensis Ward. Ginkgo digitata (Brongn.) Heer.
Cladophlebis alata Font. Ginkgo huttoni (Sternb.) Heer.
Cladophlebis huttoni (Dunk.) Font. Ginkgo huttoni magnifolia Font.
Podoztmites distantinervis Font. Nageiopsis longifolia Font.

Fontaine discussed this flora at some length, his final conclusion being stated as follows:
"The age of the formation yielding the Alaskan fossils, as indicated by them, is not older than
the Lower Oolite and not younger than the Lower Cretaceous but is probably between them."
On the basis of this statement Ward called the Cape Lisburne plants "Jurasso-Cretaceous."

In the preliminary study of Collier's material I took occasion to go over some of the identi-
fications made by Fontaine and felt obliged to dissent from several of them. For example,
the specimen which Fontaine determined as Podozamites distantineris Font., a well-known
Potomac species, I called P. lanceolatus latifolius, a Jurassic form. It appeared that Fontaine's
great familiarity with the Potomac flora had led him to give undue weight to certain resem-
blances between them, and, as it then seemed to me, he made identifications which entirely
vitiated the age determination. My conclusion was stated as follows: "I can see no valid
reason for regarding this flora as other than Jurassic, or in any event as other than identical
with the flora from eastern Siberia, the Jurassic age of which is, so far as I know, universally
accepted." I expressed a similar view in my paper "The Jurassic age of the 'Jurassic flora of
Oregon'"'1 and still entertain it.

The following is the complete list of species as given by me in the preliminary report made
to Collier,2 with the corresponding identifications of the present paper in brackets:

Cladophlebis huttoni (Dunk.) Font. [=C. huttoni].
Dicksonia n. sp.? [=Coniopteris burejensis].
Dicksonia burejensis Zalessky [=Coniopteris burejensis].
Tarniopteris parvula Heer [=Pityophyllum nordenskildi].
Equisetum sp. [=E. collieri n. sp.].
Podozamites lanceolatus latifolius (Schenk) Heer [=P. 1. eichwaldi].
Podozamites sp. [=P. lanceolatus].
Baiera palmata Heer [=Zamites megaphyllus].
Phonicopsis angustifolia Heer [=P. angustifolia].
Phenicopsis speciosa Heer [=P. speciosa].
Pagiophyllum kurrii (Pomel) Schimp. [=P. kurrii].
Stachyotaxus septentrionalis? (Ag.) Nath. [=P. kurrii].
Taxites subzamoides? Mller [=P. kurrii].
Ginkgo huttoni Font., n. var. [=G. digitata].

This revised list of species in the Collier collection is as follows:

Coniopteris hymenophylloides (Brongniart). Seward. . Phenicopsis speciosa Heer.
Coniopteris burejensis (Zalessky) Seward. Phenicopsis angustifolia Heer.
Cladophlebis huttoni (Dunker) Fontaine. Elatides curvifolia (Dunker) Nathorst.
?Cladophlebis alata Fontaine. Pagiophyllum kurrii (Pomel) Schimper.
Equisetum collieri n. sp. Pagiophyllum steenstrupi Bartholin?
Podozamites lanceolatus eichwaldi (Schimper) Heer. Pityophyllum nordenski6ldi (Heer) Seward.
Podozamites lanceolatus (Lindley and Hutton) Braun. Fieldenia nordenski6ldi Nathorst.
Otozamites giganteus Thomas. Ginkgo digitata (Brongniart) Heer.
Zamites megaphyllus (Phillips) Seward.

AGE OF THE PLANT-BEARING BEDS.

The bearing of these plants on the age of the beds in which they are found may now be

considered. As already stated, the first material from the Cape Lisburne region was studied
by Lesquereux, who regarded it as probably of Neocomian age. This material, together with
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a small later collection, was studied by Fontaine, who was somewhat in doubt as to whether
it was Jurassic or lowest Cretaceous, the final compromise being to call the beds Jurasso-
Cretaceous. I have long regarded the material as of Jurassic age, and the critical study of
the Collier collection appears to have proved this assignment beyond reasonable question.

Of the 17 species from the Cape Lisburne region noted in the present paper, the following
also occur in Amurland, eastern Siberia: Coniopteris burejensis, C. hymenophylloides, Podo-

zamites lanceolatus, P. 1. eichwaldi, Phaonicopsis speciosa, P. angustifolia, Ginkgo digitata, and
Pityophyllum nordenskiildi. These Amurland beds were regarded by Heer as belonging to
that portion of the Middle Jurassic (Brown Jura) known as the Bathonian, and so far as
known to me, this assignment has not been disputed. Seward in his late paper says: "The
flora as a whole agrees closely with richer collections from Middle Jurassic strata."

In 1876 Heer 1 described a large number of Jurassic plants from the Government of
Irkutsk, eastern Siberia, and in 1911 Seward and Thomas 2 reported on a small collection from
the Balagansk district, in the same province. After making allowance for the changes in
nomenclature there appear to be in these Irkutsk collections the following species in common
with those from Cape Lisburne: Coniopteris burejensis?, Ginkgo digitata, Phcenicopsis speciosa,
P. angustifolia, Podozamites lanceolatus, P. 1. eichwaldi, and Elatides curvifolia.

A large collection of plants, in the main very well preserved, from beds regarded as of
Bathonian or lowest Callovian age, near Kamenka, district of Izium, Government of Khar-
kow, was described by Thomas 3 in 1911. The following species from Cape Lisburne are
represented in this flora: Coniopteris hymenophylloides, Cladophlebis huttoni, Ginkgo digitata,
Elatides curoifolia, Otozamites giganteus, and Podozamites lanceolatus.

A small collection embracing 14 species from the western border of Mongolia, in Chinese
Dzungaria, was described by Seward 4 in 1911. The Mesozoic strata of this region, according
to Obrutschew, who collected the plants, reach the enormous estimated thickness of 3,500
meters, thus approaching the thickness recorded by Collier for the Cape Lisburne region. The

following species are common to the two localities: Coniopteris hymenophylloides, Ginkgo digi-
tata, Phaenicopsis angustifolia, and Podozamites lanceolatus. On the basis of the plants the
beds are correlated by Seward with the Middle Jurassic rocks of England and other parts of
the world. Seward calls attention to the "remarkable resemblance between Rhatic and
Jurassic floras as regards general facies," and adds: "It appears to be certain that some types
persisted from the Rhamtic period to the middle or even to the latest stage of the Jurassic era."
This resemblance will be alluded to later.

Seward 5 has described a small flora from Caucasia and Turkestan, from beds of Middle
Jurassic age or older, which includes the following species found also at Cape Lisburne: Coniop-
teris hymenophylloides, Podozamites lanceolatus, Ginkgo digitata, and Phanicopsis angustifolia.

In 1876 Heer 6 described over 30 species of plants from the vicinity of Cape Boheman,
Spitzbergen. The beds in which they were found were regarded by Heer as belonging to the
Brown Jura (Bathonian), and Nathorst, 7 who revised the flora in 1897, then confirmed this
position, but later 8 he procured evidence which induced him to regard the age as near or
above the Oxfordian--that is, in the Upper or White Jura. The species from Cape Boheman
represented in the rocks of Cape Lisburne are Podozamites lanceolatus, P. 1. eichwaldi, Ginkgo
digitata, Phlunicopsis angustifolia, and Pityophyllum nordenskilldi.

In the paper last cited Nathorst also enumerates anew the Upper Jurassic plants from
Advent Bay, Spitzbergen, Fieldenia nordenskiildi and Elatides curvifolia being in common
with Cape Lisburne. The flora of Franz Josef Land, regarded by Nathorst as younger than

I Heer, Oswald, Flora fossilis arctica, vol. 4, pt. 2, pp. 28-86, 1876.
2 Corn. gol. Mdm., new ser., pt. 73, 1911.
3 Idem, pt. 71, 1911.
4 idem, pt. 75, 1911.
6 Idem, pt. 38 1907.
6 Heer, Oswald, Flora fossilis arctica, vol. 4, pt. 1, pp. 26-47, 1877.
7Nathorst, A. G., Kongl. Svenska Vetenskaps-Akad. Handle , vol. 30, p. 6, 1897.
8 Nathorst, A. G., Fossil plants from Franz Josef Land: Norwegian North Polar Exped., vol. 1, No. 3, 1900.
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that of Cape Boheman and Siberia, appears to have nothing in common with that of the Alas-
kan locality.

The large and interesting flora of the island of Bornholm, which was first described by

Bartholin and later and more fully by M6iler,' was regarded by the latter as of Rhaetic or

Liassic age. It is, as Seward has pointed out, "no doubt younger than the Rhaetic floras of

Scania, Tonkin, and Franconia, and the number of Lower Oolite species which it includes.

would seem to favor the view that its affinities are rather with Jurassic than with Rhaotic floras
of other regions." This statement is, at least to some extent, borne out by the following

species from Cape Lisburne which are found also in Bornholm: Podozamites lanceolatus, Ginkgo

digitata, Phacnicopsis angustifolia, and Pagiophyllum kurrii.
Turning now to the rich and well-exploited Jurassic floras of England, we find Coniopteris

hymenophylloides, Ginkgo digitata, and Zamites megaphyllus, of the Great Oolite (Bathonian),
in common with the Alaskan flora here discussed. Similar beds in Sutherland carry Coniopteris

hymenophylloides, Ginkgo digitata, and Elatides curvifolia.
The rich Jurassic flora from Douglas County, Oreg., as worked up by Fontaine,2 includes

the following species which appear to be present also in the Cape Lisburne region, though not

all are listed here under the same names: Coniopteris hymenophylloides, Thyrsopteris murrayana,
Cladophlebis vaccensis, Podozamites lanceolatus, P. 1. latifblius, P. pulchellus, Ginkgo digitata,
and Phoenicopsis sp.

From the composition and wide distribution of this flora as outlined above, the final

conclusion is reached that the Corwin formation of the Cape Lisburne region is undoubtedly
Jurassic in age, belonging either in the upper part of the Middle Jurassic or Brown Jura, or

the extreme lower portion of the Upper Jurassic or White Jura-that is to say, it is probably

not older than the Bathonian and certainly not younger than the Oxfordian.

DISTRIBUTION OF JURASSIC FLORAS.

GEOGRAPHIC RANGE.

At this point it may be of general interest briefly to review the character and geographic

range of Jurassic floras, especially as developed in Arctic and Antarctic regions. The wide
areal distribution of Middle and Upper Jurassic floras has long been one of the marvels of

plant distribution. The living flora, of course, affords many individual examples of wide dis-

tribution, such as those found throughout the Tropics of both hemispheres, and others, chiefly

weeds, that have, largely through human agencies, spread widely over temperate lands, but
altogether these plants form but an insignificant part of the whole flora, whereas in Jurassic

time a large percentage of the whole flora was practically world-wide in its range.
In Alaska well north of the Arctic Circle is found the interesting flora described in this

paper. Although only a few fossil species are at present known to occur at Cape Lisburne,

it is more than probable that the number would be greatly increased by careful examination,

but the region is difficult of access and we must possibly await the exploitation of its coal

resources before adequate investigation of the flora will be made.

The Jurassic flora has been found at a number of other localities in Alaska, the farthest
north being a point between Icy Cape and Wainwright Inlet, about 180 miles northeast of

Cape Lisburne. Another locality is near Nikolai, in the Copper River region, which has

afforded a single species of Sagenopteris that is closely related to a form from the Lower Oolite

of Italy and has also been found in Oregon and California. This species came from a bed
now known as the Kennicott formation,3 where it was found in association with, marine inverte-

brates of Upper Jurassic age. The largest representation of Jurassic plants in Alaska, aside

from that of Cape Lisburne, is found on the north shore of Cook Inlet, where seven or eight

species were obtained. These occur in the "Enochkin formation" of Stanton and Martin,4 n

1 M6ller, Hjalmar, Kongl. Svenska Vetenskaps-Akad. Hand., vol. 36, No. 6, 1903.
2 U. S. Geol. Survey Mon. 48, pp. 47-145, Pls. VI-XXXVIII, 1905.

3 U. S. Geol. Survey Bull. 448, pp. 31-43, 1911.
4 Geol. Soc. America Bull., vol. 16, pp. 397 et seq., 1905.
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intimate association with marine shells regarded by these authors as the equivalent of the

Callovian of European standards, or the upper part of the Lower Oolite of English geologists.
The last Alaskan locality to be mentioned is Herendeen Bay, which has yielded a single species
of Pterophyllum.

The only other important North American localities are those in Oregon and California,

which together have afforded 101 forms. The collections from these localities are especially
rich in forms of Cladophlebis, Tarniopteris, Sagenopteris, Nilsonia, Pterophyllum, Ctenis,
Ctenophyllum, Podozamites, and Ginkgo. No less than 47 per cent of these species are found
also in Jurassic beds in other parts of the world, notably in Alaska, eastern Siberia, and York-
shire, England.

The areas geographically nearest to the Alaskan localities are those of eastern Siberia. In
1876 Heer published his first paper on the flora of these areas, which included material from

Kajamundung, Ust-Bali, the upper Amur River, and Bureja. This was supplemented in later
years by the study of further material from the original localities as well as from Lena Delta,
etc. The total number of species finally aggregated about 100, and many of them have since
been identified in widely scattered parts of the world, the greatest number being common to
the beds in Oregon and California .and in Yorkshire, England.

As a complete enumeration of the Jurassic floras of the world is impossible for lack of space
in the present connection, the following list of localities may be given as a partial indication
of their wide range:

United States: I Spitzbergen:
South Dakota. Cape Boheman.
Wyoming. Advent Bay.
California. Green Harbor
Oregon. King Kars Land.

Alaska: Franz Josef Land.
Cape Lisburne. Greenland:
Near Wainwright Inlet. Cape Stewart.
Nikolai. East Coast.
Cook Inlet. Siberia:
Herendeen Bay. Amurland.

England: Yorkshire. Irkutsk.
Scotland: Sutherland. Lena Delta.
France: Mammers. Chosen ,(Korea).
Germany: . Japan.

Franco-Swabian area. Caucasia.
Northeastern area. Turkestan.

Austria-Hungary: India:
Steierdorf, Banat. Cutch.
Crojic, Galicia. Jabalpur.
Krakau. China:

Italy. Tyskyp-Tag.
Switzerland. Border Hami Desert.
Portugal. Australia.
Sweden. New Zealand.

Graham Land: Hope Bay.

The flora of Graham Land, which has recently been carefully elaborated by Halle,' is

worthy of more than passing notice. This flora comprises 61 forms dispersed among the larger
groups as follows: Filicales 25, Cycadales 17, Coniferales 16, unknown 3. It is of interest to
note that the Ginkgoales, which form an important and varied element in the northern hemi-
sphere, are entirely absent from the Antarctic locality, as indeed they are from the Gondwanas
of India, and that Podozamites, which is abundant and variable in the north, is absent from
the Hope Bay collection and is represented only by doubtful fragments in the Indian localities.
Of the 22 species from Graham Land that were previously known, 9 are common to the Lower

1 Ialle, T. G., Mesozoic flora of Graham Land: Wissensch. Ergebnisse der schwedischen Sidpolar-Expedition, 1901-1903, vol. 3, pt. 14, pp.
1-123, Pis. I-I X, 1913.
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Oolite of Yorkshire, England, 8 to the Upper Gondwanas of India, and 5 to the Jurassic of

California and Oregon. In the nearest continent, South America, there are no floras of any

importance that ,can be considered contemporaneous with this Antarctic flora.
With the foregoing outline of the distribution of Jurassic floras in mind, we are perhaps in a

position to draw certain tentative conclusions as to their probable avenues and means of dis-

persal and climatic requirements. The systematic groups with which we mainly have to deal

are the Filicales, Equisetales, Cycadales, Ginkgoales, and Coniferales.

MEANS OF DISPERSAL.

The chief factors which are adduced to explain the distribution of living plants are animals,

especially birds and mammals; water, especially streams and ocean currents; air currents; and,

of course, human agencies.

In considering the distribution of Jurassic plants we may at once eliminate mammals,

which were in Jurassic time on the threshold of their development, and birds, which were

represented by a single known type (Archaopteryx) that at best must have enjoyed but
limited powers of flight. There remain, therefore, only air and water transportation to account

for the distribution of Jurassic plants. None of the plants is believed to have possessed any

marked mechanism for wide and systematic dispersal.

The ferns of the Jurassic period are believed to have been homosporous, which implies

the production of vast numbers of spores of relatively short-lived vitality. A considerable

number of living ferns having spores of this character are widely distributed on both hemi-

spheres. The male fern is an example; a single plant, according to Bower, may produce in

one season 5,000,000 spores, which are particularly well adapted .to wind dispersal. That

ferns may pass over at least 25 miles of open water is shown by Treub, who found that on the

island of Karakatau, which had been completely wrecked and sterilized by a volcanic outburst,

within three years 12 species had already become reestablished. While, the air currents may

have been competent to accomplish this, the possibility of other agencies, such as transportation

by birds, ocean currents, or man, should not be ignored.
The Equisetales were not an important element in the Jurassic flora, being mostly repre-

sented by fragmentary material referred to Equisetum or Equisetites. Although many of the

living species enjoy a wide distribution, little evidence is available as to their means of dispersal.
The Cycadales are seed-bearing plants, the seeds being of small or medium size. In the

living species the seeds sink in fresh water and presumably would do the same in salt water.

The length of time they would retain their vitality in salt water is problematical, though

probably it would be very short. Their transportation for any great distance by water is open
to question.

The Ginkgoales are very distinctly a waning type; in fact, they have come almost to the

vanishing point, for the single living species is not believed to exist in a purely wild state.

The identification of the early forms now commonly referred to the Ginkgoales is founded
mainly on the foliage organs, and their seeds are not certainly known, but since the discovery

of true Ginkgo in late Triassic or early Jurassic beds, and in practically its'present form, the

seeds have not infrequently been found. These seeds, like those of the living species, are of

large size. They have no special means for extended dispersal.
In the living Coniferales there are certain minor devices for limited seed dispersal, such

as variously winged seeds, but nothing that is especially remarkable. The seeds of Jurassic

Coniferales, so far as known, possessed no special devices for wider dissemination than that
usually taking place on a land surface.

AVENUES OF DISPERSAL.

The data presented in the foregoing paragraphs regarding the means for dispersal would

seem to indicate a practically continuous land connection between the several localities during
Jurassic time. With the possible exception of the ferns, whose spores might have been trans-

38725*-No. 85-14--4
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ported by air currents over very considerable distances of open water, none of the types
appear to have possessed any mechanism or device by which they could have spread so widely
without a practically continuous land route. It is of course possible that masses of earth
covered with living vegetation-floating islands, so called-may have been torn from the land
by streams and carried intact for considerable distances into the sea, as similar "islands" are
now transported by the Amazon and other rivers, but the distance over which such masses
would be effective in colonization is relatively short.

The striking similarity between the Jurassic floras of northwestern North America and

eastern Siberia shows that the land connection between these localities during Jurassic time
must have been practically continuous. The known presence of Jurassic beds at Herendeen

Bay on the Aleutian Islands is at least a partial confirmation of the presence of this land
bridge. If we may assume that the land adjacent to what is now Bering Sea was the center-
or at least an important center-of distribution for the Jurassic floras, then, with communi-
cation established between the tw~o continents, the way was open for a wide range over the
northern hemisphere.

The presence of a well-marked Jurassic flora in the Antarctic region goes far toward

justifying the presumption of a former land connection to that region, for the present distance
is so great as to preclude the reasonable probability that the flora could have reached there

otherwise.
PROBABLE CLIMATIC CONDITIONS.

With the abundant data now available certain tentative conclusions may perhaps be
drawn as to the climatic conditions which existed during the life of the Jurassic flora. There
is no evidence that this flora was depauperate or pinched as the result of adverse climate.

On the contrary, the presence of large and luxuriant ferns, many of them tree ferns, and cycads,
and of very abundant and large-sized leaves of Ginkgo, etc., especially in localities far north
of the Arctic Circle, affords every evidence that the conditions of growth were favorable
From the wide distribution of genera and species it appears that the conditions were also
relatively uniform. In other words, there must have been abundant or sufficient moisture
and a -temperature that would permit the growth of such plants. Knowledge of the probable
moisture and temperature requirements of a flora now represented only by fossil remains must
be gained by a study of the nearest related living flora. On this basis it seems safe to assume
that the Jurassic flora indicates a moist, warm, possibly subtropical climate.

THE FLORA.

CONIOPTERIS BUREJENSIS (Zalessky) Seward.

Plate V, figure 1.

Coniopteris burejensis (Zalessky) Seward, Jurassic plants from Amurland: Com. gol. M6m., new ser., pt. 81, p. 22,
P1. I, figs. 1-5; Pl. III, figs. 18-21, 1912.

Dicksonia burejensis Zalessky, Notes palophytologiques: Com. gol. Bull., vol. 22, p. 192, Pl. III, figs. 1-4; Pl. IV,
figs. 1-5, 1904; Knowlton, in Collier, U. S. Geol. Survey Bull. 278, p. 29, 1906.

Dicksonia n. sp., Knowlton, in Collier, loc. cit.
Cladophlebis vaccensis Ward, Fontaine, in Ward, U. S. Geol. Survey Mon. 48, p. 157, P1. XXXIX, figs. 7, 8, 1905.

In 1904 Zalessky described a fruiting fern from Amurland under the name Dicksonia

burejensis, at the same time calling attention to its resemblance to Dicksonia coriacea Schenk, 1

from the Jurassic of China, D. concinna Heer, from Amurland, etc. In his recent work, cited
above, Seward redescribed and refigured the Zalessky specimens, together with additional
material recently procured, under the name Coniopteris burejensis, largely on the ground that
the fossil is undoubtedly congeneric with Coniopteris hymenophylloides. If it is to be held
that Coniopteris is congeneric with Dicksonia, then the former is untenable, for it dates from
1849, while Dicksonia was founded in 1788. However, as there is some doubt as to their

1 Schenk, A., Jurassische Pflanzen, in Richthofen's China, vol. 4, p. 254, P1. LI, fig. 2; P1. LII, figs. 5, 6, 1883.
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generic identity it may be well enough to retain the form under Coniopteris. It has usually
been assumed that these plants belong to the family Cyatheacete, but of this more will be said

later.
The salient features of Coniopteris burejensis are described by Seward as follows:

Frond bipinnate or probably tripinnate; pinnal linear-lanceolate, attached to a comparatively slender rachis
along the margins of which the pinnal axes and the lamina of the basal pinnule on the lower side of the pinna are
decurrent. The pinnules may be oval and serrate, like those of C. hymenophylloides, or longer and narrower, the linear
lamina being serrate, or more deeply dissected into small oval segments; the latter form appears to be identical with
that of some of the specimens described by Heer as Dicksonia gracilis and D. glehniana. In the larger examples the
rachis is broader; the more widely separated pinnal give a more open habit to the leaf, in marked contrast to the more
compact form. The venation is of the Sphenopteris type.

In spite of Seward's elaborate explanation of the diversity in form and appearance of the

sterile fronds referred to C. burejensis, it is difficult to believe that all are correctly referable

to a single species. The long, narrow pinnal with linear serrate lamina (cf. figs. 18 and 20
of Seward's Pl. III) may very well be the sterile portions of the form that bore the fruiting
specimen, but it would seem that the longer, oval, slightly serrate pinnules such as are shown
in his Plate III, figure 19, are too different to have come from the same species. However,

the collection may have contained many specimens that were not figured and some of these
may bridge the apparent differences.

The fine fruiting specimen from Cape Lisburneshown in Plate V of the present paper
is referred with much certainty to C. burejensis. It is a frond of large size, being probably

between 30 and 40 centimeters in length and at least 20 centimeters broad. It is tripinnatified,

or quadripinnate. The main rachis, which is over 3 millimeters in diameter and slightly zigzag,
was evidently very stiff and rigid. The primary pinnae are remote, alternate, at irregular

distances, and spreading at the tips, giving the frond a very open, spreading effect. The rachis
is relatively strong and somewhat angled. The secondary pinnie are also alternate, sessile,
lanceolate in general outline, and cut into numerous linear, deeply cut pinnules. The sori

are terminal on slightly reduced laminae.
The single specimen referred by Fontaine 1 to Cladophlebis vaccensis Ward, a species first

described from the Jurassic of Oregon, is at best very obscure. It does not have the nervation

ascribed to C. vaccensis, though in the shape of the pinnules there is not much difference. It is

undoubtedly the same as the form shown in Zalessky's Plate III, figures 1, 1a, and refigured
by Seward in his Plate III, figure 19, and is to be referred to Coniopteris burejensis.

CONIOPTERIs HYMENOPHYLLOIDES (Brongniart) Seward.

Plate V, figure 2.

Coniopteris hymenophylloides (Brongniart) Seward, Jurassic flora of the Yorkshire coast, p. 98, Pl. XVI, figs. 4-6; Pl.
XVII, figs. 3, 6-8; Pl. XX, figs. 1, 2; Pl. XXI, figs. 1-3, 3a, 4, 4a, 1900; Fontaine, in Ward, U. S. Geol. Survey Mon.
48, p. 59, Pl. VIII, figs. 1-3, 1905.

Sphenopteris hymenophylloides Brongniart, Prodrome, pp. 51, 198 [nomen], 1828; Histoire des vgtaux fossiles, p. 189,
P1. LVI, figs. 4, 4b, 1829.

Adiantites amurensis Heer, Flora fossilis arctica, vol. 4, pt. 2, p. 94, Pl. XXI, figs. 6a, b; enlarged, figs. 6, c, d, 1876.

This is one of the most abundant and widely distributed of Jurassic plants, having been

reported from the Antarctic, many localities throughout the Arctic, Siberia, China, Japan,
Germany, France, England, and Oregon, and now from Alaska. As might be expected from

the number of students who have handled it, it has been reported under several generic names
(Sphenopteris, Thyrsopteris, Dicksonia, Adiantites, etc.), but it all seems conspecific and is

best included under the somewhat noncommittal name Coniopteris.
This species is represented in the Cape Lisburne material by the single pinna figured, but

fortunately this fragment is excellently preserved and there can be no doubt as to the correctness
of its identification. It is, for instance, not to be distinguished from a specimen from the
Jurassic of Yorkshire, England, figured by Seward.2

1 Fontaine, W. M., U. S. Geol. Survey Mon. 48, p. 157, Pl. XXXIX, figs. 7, 8, 1905.
2 Seward, A. C., Jurassic flora of the Yorkshire coast, Pl. XVI, fig. 6, 1900.
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The specimen from Douglas County, Oreg., figured by Fontaine,' has probably been cor-
rectly determined but is an indistinctly preserved fragment. The enlargements (figs. 2, 3)
which purport to show the sori are, however, entirely incorrect, there being really no trace
of the fruiting condition. The slightly involute margins of the tips of the pinnules were evidently
mistaken by the artist for immature sori.

A comparison of the specimen from Cape Lisburne with Adiantites amurensis from Amurland
as figured by Heer 2 shows them to be undoubtedly identical, and, as suggested by Seward,3

there is no doubt about referring the Amurland specimen to Coniopteris hymenophylloides.

CLADOPHLEBIS ILUTTONI (Dunker) Fontaine.

Plate VI, figure 3.

Cladophlebis huttoni (Dunker) Fontaine, in Ward, U. S. Geol. Survey Mon. 48, p. 161, Pls. XLI-XLIII, 1905;
Knowlton, in Collier, U. S. Geol. Survey Bull. 278, p. 29, 1906.

This species-one of the most abundant ferns in the Cape Lisburne region-has been so

fully described and illustrated by Fontaine in the publication above cited that it is unneces-

sary again to go over the ground. The one or two examples from the Collier collection are

here figured simply for the purpose of showing that they are undoubtedly the same as the

specimens identified by Fontaine as Cladophlebis huttoni (Dunker). From the general shape

and disposition of the pinnie and pinnules, as well as .the character of the nervation, there can

be no doubt, it would seem, as to the correctness of referring these fronds to the genus Clado-

phlebis, but whether they are to be positively identified with Dunker's Neuropteris huttoni,4

from the Wealden of Hanover, is or may be quite a different thing. Fontaine is very positive

on this point, saying: "This fern [Neuropteris huttoni] has an uncommon aspect, and it resem-

bles so closely the ferns from Alaska that there can be no doubt that they belong to the same

species," but of this I am not so sure. It appears that only one fragment of the Hanoverian

plant was found, this being a portion of a very strong rachis about 5.5 centimeters long and

two more or less perfect pinnae. Dunker's figure was copied by Schimper,5 who changed the

name to Alethopteris huttoni, and the original specimen was later studied and again figured

by Schenk." Schenk's figure differs somewhat from the original one, showing apparently that

the specimen is really somewhat less perfect than would appear from Dunker's figure. It

seems not unlikely that this Hanoverian plant should be referred to Cladophlebis denticulata

(Brongniart); at least it seems strikingly similar to some that have been so referred-such,

for instance, as one figured by Seward 7 from the Jurassic of Yorkshire.

The figure of the type specimen of Dunker's plant shows the pinno to be, as in Clado-

phlebis denticulata, sessile but not decurrent on the main rachis, whereas in the Alaskan fronds

the pinnie are distinctly decurrent. and, as Fontaine pointed out, there is an occasional pinnule

on the main rachis between the insertions of the pinno. It was undoubtedly a very large fern.

One specimen in the Dumars collection-shown in Plate XLI of Fontaine's report-is 32 centi-

meters in length, and as it lacks both base and apex was probably twice as long when perfect.

The main rachis in this example was more than 5 millimeters thick. The secondary pinnal

have a tendency to be opposite on the rachis, though in the upper portion they may become

somewhat alternate. They arise at an angle of about 450 and curve outward slightly so as

to become approximately at right angles to the rachis. In the lower and middle portions of

the frond the pinnie are cut deeply into ovate-lanceolate, slightly falcate divisions or pinnules,

these being mainly entire, though some of them are provided with a few low teeth; the pin-

nules are for the most part rather acute. The lower pinnules of the lower ultimate pinnas

1 Fontaine, W. M., U. S. Geol. Survey Mon. 48, Pl. VIII, fig. 1, 1905.
2 Heer, Oswald, Flora fossilis arctica, vol. 4, pt. 2, Pl. XXI, figs. 6a-d, 1876.

3 Seward, A. C., Com. gdol. Mdm., new ser., pt. 81, p. 19, 1912.
4 Dunker, W. B. R. H., Monographie der norddeutschen Wealdenbildung, p. 9, Pl. VIII, fig. 1, 1846.
6 Schimper, W. P., Trait6 de palontologie vgtale, vol. 1, p. 570, Atlas, Pl. XXXI, fig. 10, 1869.
6 Schenk, A., Palmontographica, vol. 19, p. 217, Pl. XXIX [VIII], figs. 1, la, 1871.

7 Seward, A. C., Jurassic flora of the Yorkshire coast, Pl. XIV, fig. 1, 1900.
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are least united. Toward the ends of the ultimate pinned and in the terminal portions of the
compound ends they are more and more united and pass into lobes and teeth, the size being
at the same time diminished.

The nervation is described by Fontaine as follows:

The midnerve goes off very obliquely and at about two-thirds the distance to the end of the pinnule splits up
into branches, after the fashion of Cladophlebis, so that the plant is a well-marked type of that genus and in the absence
of fructification must be placed in it. The lateral nerves, in proportion to the size of the pinnules, are quite slender.
They are immersed in the leaf substance and are not conspicuous. They go off very obliquely and are forked one or
more times. The lowest are the most copiously branched. The forking is notably low down on the nerve, so that
the branches are unusually long. On the lower side of the base of the pinnules one or more lateral nerves go off from
the main rachis. In the more separated pinnules the lower lateral nerves curve away from the midnerve, but in the
lobed and dentate forms the interior basal ones often curve inward toward it.

On taking everything into account it seems probable that this fern should receive a new

name, but it is so robust and abundant a form that it probably had a wide distribution in
Arctic lands, not being confined to the vicinity of Cape Lisburne, and rather than give it a

name which might possibly prove to be a synonym of some form known from less complete
material, I am permitting it to remain under the name given by Fontaine. It is very much

to be doubted, however, that this fern is identical with the Neuropteris huttoni of Dunker.

?CLADOPHLEBIS ALATA Fontaine.

Plate V, figures 3, 4; Plate VI, figure 4.

?Cladophlebis alata Fontaine, in Ward, U. S. Geol. Survey Mon. 48, p. 158, P1. XXXIX, figs. 9-11; Pl. XL, 1905.
Onychiopsis psilotoides (Stokes and Webb) Ward, idem, p. 155, P1. XXXIX, figs. 3-6.
Pecopteris denticulata Heer, Lesquereux, U. S. Nat. Mus. Proc., vol. 11, p. 32, 1888.

It is with much hesitation that this species is permitted to remain under the designation
given it by Fontaine in his review of the flora of Cape Lisburne, especially in view of the fact

that Berry 1 has merged the original C. alata with C. browniana (Dunker) Seward, a common
form in the Patuxent and Arundel formations of Maryland and Virginia. That it is identical

with the Potomac forms is extremely doubtful, but that it is the same as the numerous speci-
mens from Cape Lisburne that were so designated by Fontaine there can of course be no ques-
tion. At first it was thought that this form represented the sterile foliage of Coniopteris bure-
jensis, and this supposition may ultimately be verified. For instance, the portion of the sterile

pinna shown in Plate V, figure 4, is certainly strikingly similar to the upper pinna on the right-
hand side of the figure. of C. burejensis shown in Plate V. They are of about the same size,
have the linear pinnules set at the same strict angle, and are cut nearly to the same degree.

It is not to be denied that the sterile portions of the specimens'here called Cladophlebis
alata have a rather striking resemblance to Onychiopsis psilotoides (or mantelli, as it is more
frequently called). Thus, the very large lower pinna shown in Plate V, figure 3, is similar
in general appearance to the figure given by Seward 2 of a specimen. of 0. mantelli from the
English Wealden. Both these specimens show well the strict habit of the plants, and both
lack the finer details of the outlines of the ultimate divisions. In the Alaskan specimen the
pinnules are somewhat larger, but otherwise the difference is apparently not great. It was,
of course, this general resemblance which induced Fontaine 3 to identify certain specimens
in the earlier collections as Onychiopsis psilotoides, yet it is impossible to distinguish these
from a large number here referred to Cladophlebis alata. For instance, the pinna shown in
Plate V, figure 3, is not to be separated from figure 5 of Fontaine's plate above cited.

On the whole it seems best, pending the finding of additional material, to leave this form
under the name given it by Fontaine, with the frank confession that such disposition is recog-
nized as neither adequate nor final.

i Berry, E. W., Maryland Geol. Survey, Lower Cretaceous, p. 243, 1912.
2 Seward, A. C., Fossil plants of the Wealden, pt. 1, Pl. II, fig:1, 1894.
3 Fontaine, W. M., U. S. Geol. Survey Mon. 48, p. 155, Pl. XXXIX, figs. 3-6, 1905.
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EQUISETUM COLLIERI n. sp.

Plate V, figure 5.

Stem very little flattened or distorted, about 6 or 7 millimeters in diameter and about
5.5 centimeters long between the nodes, slightly swollen in the nodal region, and with about.
eight relatively very strong longitudinal ribs and corresponding channels; sheath very short,
appressed; teeth apparently of the same number as the ridges, about 12 millimeters in length,
slender and sharply acuminate at apex, each lying closely appressed in a groove; tubercles,
or enlarged subterranean portions, present at the lower node.

This species is based on the only example noted in the Collier collections and has been named
for the collector. As may be seen, it has been little flattened or otherwise distorted and may
be viewed nearly in its entirety. It is chiefly remarkable for the very prominent ribs and corre-
sponding channels, and the short sheath with the long, slender acuminate teeth closely appressed
in the depressions.

I have very little doubt that this is the same as the form from Cape Boheman, Spitzbergen,
described by Heer 1 under the name Equisetum rugulosum. though the present form is better
preserved and admits of a fuller description of the essential characters. The size and the promi-
nent ribs are evidently similar in both, though the. Spitzbergen specimen is not swollen in the
nodal region, and of course the character of the teeth can not be made out. Rather than make
a doubtful identification, however, I have placed the Alaska specimen under a different name.

This species is also similar to the specimen of Equisetum burejense from Amurland shown
in one of the figures given by Heer.2 This figure shows a portion of a stem with parts of two
nodes and an attached "tuber," as well as several scars, whence apparently other "tubers"
have been broken. The figure of E. collieri shows the presence of a "tuber" of similar size and
appearance, at least so far as can be made out, at the lower node. The size of the stem is similar
in the two forms, though E. burejense is not swollen in the nodal region nor are the longitudinal
ridges so prominent.

Seward,' in commenting on Equisetum burejense, says: "These incomplete specimens may
be tubers of Equisetites, but they are hardly worthy of a specific name." This attitude of
mind in dealing with obscure or biologically uncertain forms is not the right one, in my opinion,
for if a plant is sufficiently well characterized to be used as a stratigraphic mark its usefulness
is increased by giving it a definite name that can be employed for reference, whether it is bio-
logically allocated or not.

Nathorst,4 who reviewed Heer's Cape Boheman material, reduced not only his Equisetum
rugulosum but also E. bunburyanum Heer and Phytotheca lateralis ? Heer to Equisetites sp.,
remarking that they are too poorly preserved and doubtful to be maintained. The fine trans-
verse lines on Equisetum rugulosum spoken of by Heer are, according to Nathorst, only checks
in the carbonaceous covering. Be this as it may, there does not appear to be any doubt as to
the correctness of referring the present Alaska form to Equisetum.

OTozAMITES GIGANTEUS Thomas.

Plate VI, figure 2.

Otozamites giganteus Thomas, Jurassic flora of Kamenka: Con. gol. M6m., new ser., pt. 71, p. 84, Pl. VI, figs. 1, 2,
1911.

The single example figured is the only specimen of this species that has been found. It
consists of a portion of the rachis about 4 centimeters in length and the basal portions of three
leaflets, only one of which, however, is anywhere near perfect. This most perfect leaflet is 13
millimeters wide and is preserved for a length of about 4.5 centimeters and was presumably

1Heer, Oswald, Flora fossilis arctica, vol. 4, pt. 1, p. 32, P1. VI, fig. 19, 1876.
2 Idem, pt. 2, p. 99,.Pl. XXII, fig. 8, 1876.
3 Seward, A. C., Jurassic plants from Amurland; Com. gdol. Mdm., new ser., pt. 81, p. 20, 1912.
4 Nathorst, A. G., Zur mesozoischen Flora Spitzbergens: Kongl. Svenska Vetenskaps-Akad. Ilandl., vol. 30, p. 12, 1897.

50



THE JURIASSIC FLORA OF CAPE LISBURNE, ALASKA.

some 7 or 8 centimeters in length when living. The base is plainly heart-shaped, with the
upper side slightly the longer and apparently a little overlapping the rachis; the point of attach-
ment is approximately in the center of the leaflet. The margins of the leaflet are completely
preserved only near the base, .but so far as can be made out little narrowing is apparent. The
nervation all arises at the point of attachment and thence radiates out with occasional forking
to accommodate the enlarged area reached.

The type locality for Otozamites giganteus is Kamenka, in the district of Izium, in beds of
Bathonian age (=upper part of Middle Jurassic or Brown Jura), and until the present record
the species had not been found elsewhere.

ZAMITES MEGAPHYLLUS (Phillips) Seward.

Plate VII, figure 1.

Zamites megaphyllus (Phillips) Seward, Jurassic flora, pt. 2, Pl. X, figs. 4, 5; P1. XII, figs. 1. 3-5, 1904.
Palxozamia megaphylla Phillips, Geology of Oxford, p. 169, Diag. XXX, fig. 6, 1871.
Irites alaskana Lesquereux, U. S. Nat. Mus. Proc., vol. 10, p. 36, 1887.
Baiera palmata Heer, Lesquereux, idem, vol. 11, p. 31, Pl. XVI, figs. 4, 5, 1888.
Nageiopsis longifolia Fontaine, in Ward, U. S. Geol. Survey Mon. 48, p. 171, Pl. XLV, figs. 1-5, 1905.
Podozamites grandfolius Fontaine?, idem, p. 167, Pl. XLIV, fig. 1.

Leaflets coriaceous in texture, long, narrow, strap-shaped, slightly falcate, abruptly rounded

at base, narrowed from or below the middle to a long, slenderly acuminate apex; margin
perfectly entire; attachment unknown but probably sessile by the narrowed base; nerves dis-
tinct, parallel, not forking unless at base (which has not been clearly seen), 20 or 25 in number,
each separated by about 10 thin, very delicate intermediate veins.

This species is represented by nearly twenty examples, none of which is absolutely com-

plete, as all lack the extreme base showing the point of attachment. The character of the
extreme tip, however, is well shown in several specimens. The maximum length observed is
about 18 centimeters and the width 2.5 to nearly 3 centimeters. At least two of the specimens
show that the base is becoming rounded to the point of attachment, but unfortunately none is
quite clear at this place. The character of the nerves, both the larger and the fine intermediate
ones, is plainly discernible in most of the specimens; they are fully described above.

It was at first my intention to describe this as a new species of Zamites, but on further

consideration I found it impossible to distinguish the form from Zamites megaphyllus (Phillips),
as described and figured by Seward 1 from the Great Oolite (Bathonian) of Stonesfield, England.
Although Seward states that the English material consists almost entirely of detached leaflets,
he was enabled to give the following diagnosis:

Frond pinnate, pinno attached to the rachis at a wide angle, reaching a length of more than 30 centimeters and
a breadth of over 3 centimeters; linear in form, attached by a slightly contracted concave basal surface, which is
somewhat thickened; the lamina tapers gradually to an elongated acuminate apex, frequently falcate near the tip.
Veins numerous and parallel, converging slightly toward the base and apex of the pinned.

This diagnosis, it will be observed, agrees absolutely with that drawn from the Alaska

specimens. In the largest example figured by Seward, 2 which was 4 centimeters wide, the
"lamina is traversed by numerous parallel veins between which, as shown in the drawing,

occur finer longitudinal lines." In this particular, therefore, the specimens from Cape Lisburne
agree with the English species and apparently there can be no doubt as to their being correctly
referred to it.

There has been much uncertainty as to the generic reference for these fine leaflets. The
first examples of this form were obtained at the Corwin mine, in the Cape Lisburne region,

about 1885, by Henry D. Woolfe. These were studied by Lesquereux, who named them
Irites alaskana on account of their presumed resemblance to leaves of the living Iris. He

described them as follows: "Leaves thickish, linear-lanceolate, tubulose at apex, narrowed to
the base, falcate, equinerved; median nerve obsolete; the lateral broad, equal." He also adds
that the "nerves are about 1 millimeter in width [apart], not very prominent, equal, not
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separated by intermediate veinlets, very distinct." I have examined these specimens, which

are preserved in the United States National Museum, and find them indistinguishable from the

Collier specimens, except in size. The specimens of "Irites alaskana," with additional examples
collected at the same locality by H. D. Dumars in 1890, were studied by Fontaine and
referred to Nageiopsis longifolia Fontaine, a very abundant form in the Patuxent formation of

Virginia and Maryland. It has long been my opinion, and in this I am supported by E. W.

Berry, 1 that these specimens from Cape Lisburne have absolutely nothing to do with Nageiopsis

nor of course with Irites. They have been compared carefully with the type and typical mate-
rial of Nageiopsis longifolia Fontaine, and they are not the same. It is believed that they are

not even congeneric..
I am also referring to Zamites megaphyllus the specimens that Lesquereux 3 referred t o

Baiera palmata IHeer and that Fontaine later referred with question to Podozamites grandifolius

Fontaine. Both these authors fell into the error of regarding these leaves bottom side up-

that is, as may be seen on referring to Lesquereux's figure 4, the part figured as the base is in

reality the apex. Fontaine,' in speaking of these specimens, expressed doubt as to their

affinity but finally referred them to his Podozamites grandifolius, which is now placed under

Ctenopsis latifolia (Fontaine) Berry,' a rather rare species of the Patuxent formation of Virginia.

Although these leaflets are if anything even larger than the Collier specimens here figured,

they do not differ otherwise, at least so far as can be made out from their somewhat fragmentary
condition.

PHUENICOPSIS SPECIOSA Heer.

Plate VIII, figures 2-4.

Phenicopsis speciosa Ieer, Flora fossilis arctica, vol. 4, pt. 2, p. 112, P1. XIX, figs. 1, 2; P1. XXX, figs. 1-6, 1876.

There are several examples in the Collier collections that clearly belong to Pheenicopsis

speciosa as described and figured by IHeer from Amurland. Three of these have been figured,

the one shown in Plate VIII, figure 2, being the most perfect. Another (Pl. VIII, fig. 3) is

a detached leaflet or segment 11 centimeters in length and nearly 1 centimeter in width, which
is indistinguishable from the specimen shown in Heer's Plate XXX, figure 3. Apparently this

very characteristic species has not previously been recorded from. North America.

PHCENICOPSIS ANGUSTIFOLIA Heer.

Phoinicopsis angustifolia IHeer, Flora fossilis aretica, vol. 4, pt. 2, pp. 51, 113, P1. I, fig. Id; Pl. II, fig. 3b; 1876.

The Collier collection contains several fragments that appear certainly to belong to Phcrni-

copsis angustifolia. Whether this species is really distinct or is referable to P. speciosa, as

Seward 6 suggests, must be left to the future to determine. The present specimens are to be

identified with P. angustifolia but throw no light on the question of their identity with P. speciosa.

PODOZAMITES LANCEOLATUS (Lindley and Hutton) Fr. Braun.

Podozamites lanceolatus (Lindley and Ilutton) Fr. Braun (non Emmons), Verzeichniss der in der Kreis-Naturalien-
Sasmmlung zu Bayreuth befindlichen Petrefacten, p. 100, 1840; IHeer, Flora fossilis arctica, vol. 4, pt. 1, p. :5,
Pl. VII, figs. 1-7, 1876; idem, pt. 2, p. 106, P1. XXIII. figs. lc, 4a-e; Pl. XXVI, figs. 2-10; P1. XXVII, figs. 1-8, 1876.

The typical form of this variable type is represented by only a few fragments of rather

large leaves that are too poor to figure.

1 Maryland Geol. Survey, Lower Cretaceous, p. 385, 1911.
2 Since the above was written Hamshaw Thomas has published a short paper (Some new and rare Jurassic plants from Yorkshire: Cambridge

Philos. Soc. Proc., vol. 17, pp. 256-262, Pls. VI, VII, 1913) in which he has described a new type of ginkgodian leaf under the name Eretmophyllum.
In discussing the relationship of this new form Thomas suggests the possibility that these specimens, referred by Fontaine to Nageiopsis longifolia,
may really be referable to his Eretmophyllum. Continuing, he says: "Fontaine's figure 5 might possibly be an Eretmophyllum leaf figured
upside down, and the shape of the other fragments, thin distant veins almost parallel but sometimes forking, presents some points of similarity.'

A comparison of the specimens studied by Fontaine, as well as the Collier specimens here figured, shows that this suggestion is not without weight.

This may account for the fact that the leaves or leaflets are always isolated, and further they may have been improperly oriented. However,

until further proof is forthcoming, it seems as well to leave them under Zamites.
3 Lesquereux, Leo, U. S. Nat. Mus. Proc., vol. 11, Pl. XVI, figs. 4, 5, p. 31, 1888.
4 Fontaine, W. M., U. S. Geol. Survey Mon. 48, p. 167, 1905.
5 Berry, E. W., Maryland Geol. Survey, Lower Cretaceous, p. 349, 1911.
6 Seward, A. C., Jurassic plants from Amurland; Com. gol. M*'m., new ser., pt. 81, p. 21, 1912.
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PODOZAMITES LANCEOLATUS EICHWALDI (Schimper) Heer.

Plate V, figure 6; Plate VI, figure 5, part.

Podozamites lanceolatus eichwaldi (Schimper) Heer, Flora fossilis arctica, vol. 4, pt. 2, p. 109, Pl. XXIII, fig. 4; Pl.
XXVI, figs. 2, 3, 9; P1. XXVII, figs. 1, 5c, 1876; Nathorst, Zur mesozoischen Flora Spitzbergens: Kongl.
Svenska Vetenskaps-Akad. Handle , vol. 30, p. 13, P1. I, fig. 5, 1897.

Podozamites eichwaldi Schimper, Trait6 de palontologie vgtale, vol. 2, p. 160, 1870; IHeer, Flora fossilis arctica,
vol. 4, pt. 1, p. 36, P1. VI, fig. 22c; P1. VII, fig. 7c; P1. VIII, figs. 1-4, 1876.

Podozamites lanceolatus latifolius (Schenk) Heer, Knowlton, in Collier, U. S. Geol. Survey Bull. 278, p. 29, 1906.

This form is very abundant and excellently well preserved in the Collier collections; and
Heer also speaks of it as being an abundant form in the sandstones at Cape Boheman, Spitz-
bergen. At first Heer described it with full specific rank, but later he inclined to regard it as
merely a variety of the omnipresent P. lanceolatus, and this is the view taken by Nathorst,

who restudied Heer's specimens together with much additional material. Nathorst states that
three forms of P. lanceolatus are present at Cape Boheman-P. lanceolatus genuinus, P. 1. eich-
waldi, and P. 1. ovalis. It is quite possible that a large series might show that these forms so
intergrade as to make it unsatisfactory to attempt to draw any sharp lines between them, but
in the present collection they appear very distinct. For stratigraphic purposes the variety
eichwaldi is certainly well marked, a fact which is of interest in the present connection as tend-
ing to connect the Cape Lisburne region with other undoubted Jurassic localities.

ELATIDES CURVIFOLA (Dunker) Nathorst.

Plate VIII, figure 1.

Elatides curvifolia (Dunker) Nathorst, Zur mesozoischen Flora Spitzbergens: Kongl. Svenska Vetenskaps-Akad. Hand L
vol. 30, p. 35, P1. I, figs. 25-27; P1. II, figs. 3-6; P1. IV, figs. 1-18; P1. VI, figs. 6-8, 1897.

Lycopodites curvifolius Dunker, Monographie der norddeutschen Wealdenbildung, p. 20, P1. VII, fig. 9, 1846.

The single fragmentary example figured is all that was noted of this species.

PAGIOPHYLLUM KURRII. (Pomel) Schimper.

Plate VI, figure 1.

Pagiophyllum kurrii (Pomel) Schimper, Trait4 de pal6ontologie vgtale, vol. 2, p. 250, 1872; M6ller, Bornholms fossil
Flora, Gymnospermer: Kongl. Svenska Vetenskaps-Akad. Handl., vol. 36, p. 31, Pl. V, figs. 10-12, 1903.

Araucaria peregrina p. p., Kurr, Beitrage zur fossilen Flora der Juraformation Wufrttembergs, p. 9, P1. I, fig. 1, 1846.
Moreauia kuhrii Pomel, Matriaux pour servir a la flore fossile Jurassique de la France, p. 21, 1849.

This species, described originally from the Jurassic of Wurttemberg, was found by M6ller
at Bornholm in beds regarded as either Rhotic or Liassic. Whether M6ller has been correct
in determining the Bornholm plants as identical with Pagiophyllum kurrii need not be discussed
at this time, but it is certain that the specimens so figured and named by him are not to be
distinguished from the Cape Lisburne example here figured. For instance, M6ller's Plate V,

figure 12, shows a short branchlet with broad, rather obtuse leaves that is certainly the same
as the specimen from Cape Lisburne.

On the same piece of matrix and lying very close to the branchlet from the Collier collection
is the apical portion of another branchlet which may or may not represent a very immature

cone. It is not well preserved and hence can not be made out with certainty. Just below the
"cone" are two or three leaves of the same size and appearance as those on the adjacent
branchlet; below these the leaves become crowded and apparently narrower and shorter.
It is, on the whole, probable that this is merely a growing tip in which the leaves are not fully
developed.
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PAGIOPHYLLUM STEENSTRUPI Bartholin?

Pagiophyllum steenstrupi Bartholin, Nogle i den bornholmske Juraformation forekommende Planteforsteninger, p. 101,
Pl. V, figs. 6-8; Pl. VI, figs. 1, 2, 4, 1894; M6ller, Bornholms fossila Flora, Gymnospermer: Kongi. Svenska Veten-
skaps-Akad. Handi, vol. 36, p. 33, Pl. VI, figs. 1-3, 1903.

The Cape Lisburne material contains two minute fragments that appear to be the same
as the tips of branchlets such as are shown in Plate VI, figure 3, of M6ller's paper, cited above,
but they are so small and uncertain as to make their identification more or less questionable.

These specimens also suggest Stachyotaxus septentrionalis (Ag.) Nathorst, as figured by
M6ller, 1 but there is not enough preserved to identify them certainly with that species.

PITYOPIHYLLUM NORDENSKIOLDI (Heer) Seward.

Pityophyllum nordenskildi (Heer) Seward, Jurassic plants from Amurland: Com. g6ol. Mm., new ser., pt. 81, p. 30,
Pl. II, fig. 17; Pl. III, fig. 22, 1912.

Pinus nordenskildi Ileer, Flora fossilis arctica, vol. 4, pt. 1, p. 45, Pl. IX, figs. 1-6, 1876; idem, pt. 2, pp. 76, 117,
Pl. IV, fig. 8c; P1. XX, fig. 4, a, b; Pl. XXVII, fig. 9a; Pl. XXVIII, fig. 4, 1876.

This form is represented in the present material by several small fragments which are about

3 millimeters in width and 2 or 3 centimeters in length, evidently from the middle portion of the
leaves. They have a single very strong median rib and show distinctly the peculiar transverse
wrinkling so well known in leaves of this type. One fragment appears to show the presence

of the longitudinal groove in the middle of the lamina that is regarded by Nathorst as so char-

acteristic of this species, though the others in close proximity to it do not. It is probable,
as Nathorst has suggested, that the transverse wrinkling is in the main a phenomenon of desicca-

tion, though it was doubtless more or less connected with some structural peculiarity.
As Seward 2 has very well said, it is extremely difficult, if not impossible, satisfactorily to

distinguish between many of the Rhtetic and Jurassic leaves that have been described from time

to time under the name Pityophyllum. Thus I can see no marked distinction between what is
here called P. nordenskildi and. P. staratschini (Heer) Nathorst,5 from Advent Bay, Spitz-

bergen. It also agrees closely with Taxites cf. gramineus (Heer) as figured by Nathorst 4 from
Franz Josef Land. Seward 5 has suggested that the leaves from the Jurassic of Oregon referred

by Fontaine 6 to Nilsonia. parvula (Taniopteris parvula Heer) are to be regarded as belonging
to Pityophyllum, but this can hardly be-so, for they are much larger than any usually referred to
Pityophyllum, and moreover they have a lateral nervation exactly as figured by Heer under
Trniopteris parvula.

FIELDENIA NORDENSKIOLDI Nathorst.

Plate VII, figure 2.

Fieldenia nordenskidldi Nathorst, Zur mesozoischen Flora Spitzbergens: Kongi. Svenska Vetenskaps-Akad. Handle ,
vol. 30, p. 56, Pl. III, figs. 16-27, 1897.

In the material from Cape Lisburne I find several more or less well preserved leaves that

I am unable to distinguish from Nathorst's species, which comes from the Upper Jurassic of

Advent Bay, Spitzbergen. The example. figured is nearly perfect except that the nervation
is rather indistinct, though careful scrutiny discloses the presence of about eight thin, parallel
nerves. The point of the leaf is obtuse and rounded, the basal portion is narrowed to the point
of attachment, and on the whole this leaf is absolutely indistinguishable from that shown in

figure 17 of Nathorst's Plate III.
As Nathorst has pointed out, it is difficult, if not impossible, to distinguish between the

present species and what Heer 7 has called Podozamites ensiformis and P. cuspiformis from
the Irkutsk, eastern Siberia.

1 Op. cit., Pl. V, fig. 7.
2 Seward, A. C., Jurassic plants from Amurland: Com. gol. Mdm., new ser., pt. 81, p. 30, 1912.
3 Nathorst, A. G., Zur mesozoischen Flora Spitzbergens: Kongi. Svenska Vetenskaps-Akad. Handi, vol. 30, p. 68, P. V, figs. 32-36, 1897.
4 Nathorst, A. G., Fossil plants from Franz Josef Land: Norwegian North Polar Exped., vol. 1, No. 3, P. II, figs. 20-23, 1900.
6 Sew&rd, A. C., op. cit., p. 20.
6 Fontaine, W. M., U. S. Geol. Survey Mon. 48, Pl. XVII, figs. 1-v, 1905.
7 Heer, Oswald, Flora fossilis arctica, vol. 4, pt. 2, Pl. IV, figs. 8-10, 11, 12, 1876.
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GINKGO DIGITATA (Brongniart) Heer.

Plate VI, figure 5, part; Plate VII, figures 3-5.

Ginkgo digitata (Brongniart) Heer, Flora fossilis arctica, vol. 4, pt. 1, p. 40, Pl. X, figs. 1, 5a, b, 6, 1876.
Ginkgo huttoni (Sternberg) Heer, Fontaine, in Ward, U. S. Geol. Survey Mon. 48, p. 170, 1905.
Ginkgo huttoni magnifolia? Fontaine, idem, p. 170, Pl. XLIV, figs. 7, 8.
Ginkgo multinervis Heer, Lesquereux, U. S. Nat. Mus. Proc., vol. 11, p. 31, Pl. XVI, fig. 6, 1888.

Leaves of Ginkgo are abundant in the Cape Lisburne collections, and it was undoubtedly
a conspicuous element in this flora, as indeed it must have been in all the northern Jurassic
and early Cretaceous floras. In the Oregon collections, for instance, the genus is represented
literally by hundreds of specimens, and it was equally abundant throughout eastern Siberia.

This genus has been very much overburdened, for in dealing with such an abundance
of specimens and multiplicity of forms one must needs make either many "species" to accom-
modate this diversity, or only one or two, and in view of the known variation exhibited by
the single living species, the latter plan seems preferable. As a consequence, all the Alaska
specimens are here considered as referable to the extremely variable Ginkgo digitata.

The first Ginkgo leaf known from Cape Lisburne-namely, that found in Woolfe's col-
lection-was identified by Lesquereux as G. multinervis Heer, a species described from the
Cenomanian beds of Atane, Greenland. The same specimen was later referred by Fontaine
to G. huttoni (Sternberg) Ileer, but while the segments are cut nearly to the base, it does not
differ essentially from many referred to G. digitata.

The two rather fragmentary leaves from the Dumars collection Fontaine referred with
a question to his G. huttoni magnifolia,' named from the Jurassic of Douglas County, Oreg.
The validity of this variety will not be discussed at this time, and it is sufficient to say that
the two specimens from Cape Lisburne are here referred to G. digitata.

1 Fontaine, W\. M., U. S. Geol. Survey Mon. 48, p. 124, P1. XXXI, figs. 4-8; P1. XXXII, figs. 1, 2, 1905.
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PLATE V.



PLATE V.

FIGURE 1. Coniopteris burejensis (Zalessky) Seward.
2. Coniopteris hymenophylloides (Brongniart) Seward.
3, 4. ? Cladophlebis alata Fontaine.
5. Equisetum collieri n. sp.
6. Podozamites lanceolatus eichwaldi (Heer) Seward.
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PLATE VI.
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PLATE VI.

FIGURE 1. Pagiophyllum kurrii (Pomel) Schimper.
2. Otozamites giganteus Thomas.
3. Cladophlebis huttoni (Dunker) Fontaine.
4. ? (ladophlebis alata Fontaine.
5. Ginkgo digitata Heer and Podozamites lanceolatus eichwaldi (Heer) Seward.
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PLATE VII.

FIGURE 1. Zamites megaphyllus (Phillips) Seward.
2. Fieldenia nordenskildi Nathorst.
3-5. Ginkgo digitata Heer.
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PLATE VIII.

FIGURE 1. Elatides curvifolia (Dunker) Nathorst.

2-4. Phcenicopsis speciosa Heer.
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RESINS IN PALEOZOIC PLANTS AND IN COALS OF HIGH RANK.

By DAVm WHITE.

INTRODUCTION.

The theory that coal is but peat, mainly of swamp types of formation, that has been trans-
formed by normal geologic processes seems to have been completely demonstrated, though it is
not fully accepted by many geologists and chemists. Examinations have shown that the coal
substance is made up of plant debris, more or less decomposed and altered, mingled with and
perhaps permeated by the now hardened but once liquid products of organic decomposition.
Such being the case, we may conclude that all the parts and products of the plants were origi-
nally contributed to the peat formation and, either as fragmental remains or perhaps as chemical
products of the decomposition of portions of the vegetal substance, may have entered into the
composition of the peat. The evidence shows that varying proportions, in places nearly all, of
the contributed plant materials were structurally obliterated before the peat-forming process
terminated.

Naturally, in the process of building up peat those plant parts and products which were
most resistant to the decomposing agents, principally bacteria and fungi, would survive longest
and, other things being equal, would be most easily recognized in the undestroyed dbris remain-
ing in the coal. Among these decay-resisting products are the resins, waxes, spore covers, cuti-
cles, seed coats, and bast of the plants of numerous kinds that are contributed to the peat.

Plants of types that produce resins and waxes are present in every region where peat is
now in process of formation. Their fossil remains are present also in nearly every swamp
that is found buried in the formations of later geologic ages, and in the low-rank coals found in
these formations. Yet, because the presence of resins in the coals of higher rank has not been
sufficiently demonstrated, it is believed by many, perhaps by most geologists and chemists, and
even by some paleontologists, that resins never entered into the composition of these coals; that
the higher-rank coals of all ages owe their very differences in rank to differences in the types of
the plants from which they were formed, the absence of resin-producing plants being regarded
as one of the conspicuous characteristics of the floras producing these coals; and that the great
coal-forming floras of the Carboniferous period, to which the bituminous and higher-rank coals
of most parts of the world belong, were destitute of resin-bearing plants. It is also urged by
many foreign writers that the coals of high rank have not at any time existed as peats.

The fact that the presence both of the remains of resin-bearing plants and of resin itself in

the high-rank coals of the Paleozoic and Mesozoic formations has not been generally recognized
is due to the nature of the evidence rather than to the lack of it. The purpose of the present
paper is (1) to show that resins have been contributed to the high-rank coals of the Cretaceous
and Tertiary periods as well as to the coals of low rank which are characteristic of those periods;
(2) to point out the evidence that the Carboniferous floras were possibly as richly productive of
resins or resinous substances as the floras of later periods; and (3) to demonstrate, with
illustrations of material both common and unique, the presence of abundant resinous material
in Paleozoic coals. Observations as to the physical changes in the resins consequent on the
alteration of the coals to successively higher ranks are given. Incidentally the paper sets forth
further proof (which apparently is not superfluous) of the origin of high-rank coals as peats.
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RESINS IN COALS OF LOW RANK.

The occurrence of fossil resins in the lignites of the Cretaceous period is known to all who

have closely observed these fuels. They are present in almost all deposits of these lignites and
are in some places so abundant as to constitute an appreciable portion of the coal. These resins
have been derived, for the most part at least, from coniferous trees that have been contributed

to the original peat from which the lignites or coals of higher rank were formed.
As ordinarily observed, without the aid of the microscope, the resins consist of very irregu-

lar lumps ranging from the smallest particles to fragments over an inch in diameter. Usually the
larger pieces are more or less elongated and variously flattened or shapeless. Sometimes they
are found in their original positions with reference to the remains of the trunks, branches, or

organs which bore them as surface exudates or to cover wounds, but generally they appear
to be scattered in a medium of more or less promiscuously mingled plant debris or vestiges, all

cemented in a dark humic matrix ("carbohumin"), though in fact the dbris is apt to be more

or less distinctly stratified and assorted as to kind, size, and state of preservation in the strata
of the coal bed. Thus the resins are much more abundant in some layers of the coal than in

others, according to the kinds of ingredient plant material contributed to form these layers

and the conditions attending their deposition in the peat swamp. The conditions of deposi-
tion controlled both the extent of decay of the variable plant debris and the disposition of the

decomposition products, portions of which were usually carried in solution by water from the
areas of peat formation.

The resins are generally yellowish, brownish, or amber-colored, translucent, and vitreously

conchoidal in fracture, though some of the material is pale yellow and apparently granulose in
texture. As is well known, the amber of the arts and most of the copal of commerce are merely
fossil resins, the greater part of the trade supply of amber having been produced by several
Tertiary species of pines now found fossil in the rocks bordering the Baltic Sea in eastern Prussia.

Substances regarded by certain authors as fossil resins have been described under many

names, some of which follow:1 Amber, ambrosine, ajkite, ambrite, berengelite, bucaramangite,
briicknerellite, caproline, chemawinite, duxite, dinite, euosmite, fichtelite, gedanite, glessite,
guayaquillite, hatchetine, hartite, kranzite, j aulingite, knlite, k6flachite, leucopetrite, middle-

tonite, muckite, neudorfite, piauzite, pyroretin, phylloretin, retinite, retinellite, refikite, rosthorn-

ite, rilmanite, reussinite, scheererite, schleretinite, succinite, schraufite, sieburgite, simetite,
walchowite, xyloretinite.

By far the greater part of these resins or doubtful supposed resins are from coals of Creta-
ceous and Tertiary ages or from peats.

Although at some localities and in certain layers of the lignites and subbituminous coals 2

small lumps of resin may be so numerous as to be conspicuous on the bedding planes or cross
fractures of the coal, these are, after all, insignificant in quantity as compared with the resin in
particles of microscopic size contained in the same layers or even in layers that reveal no resin

at all to the unaided eye. These microscopic fragments are present in varying amounts in
practically all the low-rank coals of Cretaceous or Tertiary age that have been microscopically
examined. In some places they are so abundant as to impart a yellowish or brownish color to

the layer. The relative amounts of these resins and resin compounds affect certain important

qualities of the fuels, as will later be noted. The microscopic resins are numerous in kind and
mode of occurrence, having been deposited in the cells and vessels of wood, bark, leaves, and

seed coats and in the outer envelopes of spores and pollen grains. In the plant world of to-day
they are produced by many different kinds of vegetation belonging to widely different classes of
vascular plant life. A large percentage of the dry wood of certain conifers consists of resin. On

the other hand, many types of plants, especially among the angiosperms, produce little or none.

1 See Leonhard, Gustav, Grundziige der Mineralogie, 2d ed., pp. 381-383, 1860; also Dana, J. D., Mineralogy, 6th ed., pp. 996-1024, 1892.
2 As defined by M. R. Campbell (Econ. Geology, vol. 3, p. 134, 1908), the subbituminous coals are distinguished from the bituminous by their

mode of weathering, their less developed jointing and cleavage, and their higher moisture. On exposure to the atmosphere the lumps check irreg-
ularly, the resultant fragments, however small, being irregular in outline and having rough faces instead of cleavage planes. Weathering is charac-
terized (very conspicuously in the longer-exposed fragments) by separation of the coal in plates parallel to the bedding, this process continuing to
invisible limits They were formerly called "black lignites." The name lignite is now restricted by the United States Geological Survey to
brown coals.
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CONCENTRATION OF RESINS IN COALS.

The principle proposed by many of the older paleobotanists and emphatically reiterated by
Renault and Bertrand, that the vestiges or remains of the plant structures contained in the coals

represent, in general, those parts of the plant or those kinds of tissue which were most resistant
to decay, is exceptionally well illustrated by the resins. It is well known that the delicate and

soft structures of the plant, such as the parenchymatous and medullary tissues, are the first
to disappear in the putrefactive processes necessary to the formation of peat, and that accord-

ing to the duration of these processes, which is a variable factor, and to the agents, mainly

bacterial, engaged, the decomposition becomes more and more complete, extending to the

more resistant elements or tissues. Thus the decay of the less resistant starchy and cellulosic
compounds is followed by that of the more resistant; the wood succumbs before the corky

bark; the proteids disappear in advance of the waxes, and so on, until in the most "mature"
and "amorphous" peats little is left except the most indestructible parts, such as the resin

particles, fragments of cuticles that are composed of very resistant substances, and the resinous
or waxy coverings of spores and pollen.grains. Of these persistent portions of the plant the

resins generally survive to the last the subaqueous biochemical or putrefactive processes con-
cerned in the formation of peats.

From the foregoing statements it will be seen at once that the amount of resin in a coal,

though varying of course according to the kinds of plants contributed to the formation of
the mother peat, is largely determined by the extent to which the decay of the vegetal debris

progressed. For, as the resin is the most resistant to decay, it obviously will, other things

being equal, survive to form the largest percentages in those peats (coals) in which the decay of

the plant debris has gone farthest. The successive decay of the less resistant enveloping and

associated tissues gradually frees the resin particles, which, with the disappearance of the

other plant materials, settle together in an accumulation, really a natural concentration. Hence

a mature or "amorphous" peat formed by the far advanced decay of plants that have a com-

paratively low resin content may actually be much more resinous, as the result of such concen-

tration, than another peat of the xyloid type, composed largely of wood which, though relatively
rich in resin, has undergone comparatively slight decay.

What is said above as to the genesis of peats may be affirmed also of lignites, subbituminous

coals, and coals of higher grades, all of which are but lithified and altered peats.
In most coals, especially the woody types, the percentage in volume of the resin still resting

in the original cells or vessels in a piece of wood is further relatively increased by the mere loss

of moisture and the other cell contents, and by the contraction and collapse of the cell walls

under pressure, with the attending chemical changes. The great reduction in volume thus
produced in the wood is accompanied, in the low-rank coals, by no observed shrinkage of the

"rosin "-like resins. In the xyloid lignites-that is, lignites consisting largely of undestroyed

or but partly decayed fragments of trunks, branches, or twigs-the amounts of resin may be

very little if the woods represented were originally not very resinous; but in some coals highly
resinous woods have been so reduced without obliteration of the cells that the volumetric per-

centage of resin therein has been more than doubled.

EFFECTS OF RESIN CONCENTRATION.

It has often happened during the formation of thick deposits-of peat in a swamp that the

water has in places been for a time too deep to be occupied by vascular plants growing in place.
In these pools, sometimes small and irregular in form, where the water was temporarily open
and the supply of oxygen was greater, the decomposition of the vegetal debris falling into the

water could, if the water was not too stagnant, go so far as to leave only great quantities of resin-
ous matter mingled with spore and pollen exines, wax residues, and cuticles. The same con-

dition could exist also beneath the ordinary shallow-water cover in portions of the swamp if the
oxygen supply was sufficient and the rate of accession of fresh plant debris was not too great.

Layers of such matter may be recognized in many coals, though usually they are thin and
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obscured by underlying or superimposed, more or less coarse vestigial matter. They form the

"fatty" parts of the bed. When the deeper water body was restricted, steady, and sufficiently
stagnant to preclude both the inwash of considerable mineral sediments and the complete
destruction of the organic vestiges, and the spore, pollen, wax, and resin concentrate was there-
fore low in ash and comparatively unstratified, the resultant "sapropelic" deposit is canneloid-
that is, it forms canneloid layers or lenses-in the lignites, and these layers or beds, when the
lignites were changed to coals of subbituminous and higher ranks, became cannel coals and oil

rocks, though the latter, being generally formed in water bodies of greater extent and sup-
posedly carrying innumerable algae of low orders, and containing more mineral matter, are

usually high in ash. The origin of the cannel type of coal is, in its essential features, the same
without regard to the geologic age of its formation or the rank of the fuel, though the mutual
proportions of the characteristic components, exines and resins, 1 may vary from place to
place and from epoch to epoch. The concentrated resins and the resinous and waxy exines
of the pollen and spores,;variously mingled with microplankton vegetal elements, impart to
the coals of the cannel and oil-rock group their high volatile, high heating, and high illuminating

qualities and their tendency to fuse, even if they are of low rank, the resins and waxes being
characteristically rich in hydrogen, the element of greatest calorific value, and relatively low
in oxygen, the great heat neutralizer 2 in coals. The canneloid coal is high in volatile matter
merely because its component plant remains or products are not only high in volatile but
resistantly so.

The relative percentages of hydrogen and oxygen in the waxes and resins, as compared

with the percentages of those elements in wood, peat, and lignite, are shown in the following

table: 3
Analyses of wood, resin, coals, etc.

Avail-
C. H. O. N. able hy- H:O.

drogen.

1. W ood................................................................................. 49.31 6.29 a 44.20 (a) 0.77+ 0.14+
2. Peat................................................................................... 55.65 6.48 36.43 1.44 1.93 .18
3. Dopplerite............................................................................. 56.46 5. 48 a 38.06 (a) .73+ ........
4. Lignite............................................................................... 74.86 5.32 18.51 1.31 3.01 .29
5. Fossilresin............................................................................ 78.61 9.52 11.77 ........ 8.05 .81
6. W ax................................................................................... 80.33 13.07 6.6 ......... 12.25 1.98
7. Bituminous coal....................................................................... 82.91 5.70 9.90 1.49 4.46 .58
8. Bituminous coal....................................................................... 87.52 5.26 7.22......... 4.36 .73
9. Semibituminous coal................................................................... 91.62 4.85 2.32 1.21 4.56 2.09

10. Cannel................................................................................. 84.52 7.67 7.81......... 6.69 .98
11. Torbanite............................................................................. 84.56 10.99 a 4.45 ........ 10.43+ 2.46+

a Nitrogen included with oxygen.

1. Petersen and Schdler, Liebig 's Annalen, vol. 17, p. 179, 1836. Average of 24 woods.
2. Roth, Justus Allgemeine und chemische Geologie, vol. 2, p. 642. Average of 10 analyses.
3. Kaufmann F. G., K.-k. geol. Reichsanstalt Jahrb. vol. 15, p. 283, 1885.
4. Clarke, F. '., The data of geochemistry, 2d ed.: V. S. Geol. Survey Bull. 491, p. 714, 1911. Average of 10 analyses.
5. Gies, W. J., Science, vol. 25, 1897, p. 462. Resin, Amboy (Cretaceous) clays, Staten Island, New York.
6. Cornuba wax.
7. Clarke, F. W., op. cit., p. 718. Average of 40 analyses of coals from Ohio, Indiana Illinois, Iowa, and Missouri.
8. Bureau of Mines Bull. 22, Upper Cretaceous coal coking coal, Sopris, Colo. Fixed carbon (in "pure coal"), 62.3 per cent.
9. Idem, Pocahontas coal, Elkhorn, W.Va. Fixed carbon (in "pure coal"), 85.75 per cent.
10. Idem, Lesley, Johnson County, Ky. Channel coal.

It will readily be seen that the presence of resins and spore and pollen exines must have
its effect on all coals, the result being more conspicuous when the proportion of cannel-forming
elements is greater. A high hydrogen-oxygen ratio ("pure coal" basis) in a coal below the semi-
anthracite rank is to be regarded as indicating a more distinctly "bituminous" type of coal,
for the bitumens are especially characterized by their very high hydrogen and their correspond-
ingly low oxygen content. In the latter respect certain waxes approach the bitumens even
more closely than do the resins, as is indicated by the wax analysis in the table. In this
connection mention should be made of Hatchett's conclusions, 4 reached in 1804, that the resins
and waxes were the sources of the bituminous quality in coals.

1 The term "resins" is here used in the broad sense, though in the descriptions of fossil specimens on later pages it signifies the characteristic
"rosin "-like and amber-like resins.

2 See White, David, The effect of oxygen in coal: U. S. Geol. Survey Bull. 382, 1909; Bureau of Mines Bull. 29, 1911.
3 A larger series of ultimate analyses of coals of varying ranks may be found for comparison in the bulletins just cited and in Bureau of Mines

Bull. 22.
4 Hatchett, Charles, Roy. Soc. London Phios. Trans., 1804, p. 385; 1806, p. 109.
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THE OBLITERATION OF THE RESINS.

It has been urged elsewhere 1 that it is important when discussing the origin of coal to
recognize the operation of two great and fundamentally distinct processes or stages. The first
process is the biochemical, which accomplishes the transformation of miscellaneous vegetal
debris into peat. The second process, which follows or perhaps slightly overlaps the first,
antedating the complete cessation of anaerobic bacterial action, is dynamo-chemical. Both
processes are complex. Through the action of the dynamo-chemical agencies, apparently
initiated and dominated in general by pressure but sometimes immediately controlled by
contact-metamorphic heat, the peats have been transformed to lignites and coals of all higher
ranks, being compressed, dehydrated, lithified, and partly devolatilized-that is, distilled. The
progressive loss of volatile matter, which is still going on in most coals, is marked in particular
by the elimination of oxygen in amounts relatively so much greater than the accompanying
losses of carbon and hydrogen as to accomplish, in effect, a concentration of these two great
fuel-producing elements that becomes more and more noticeable until the fuel approaches the
anthracitic rank. The elimination of the oxygen permits a most important increase of the
calorific value of the coal. The physical changes accompanying the dynamo-chemical process-
that is, the effects of the pressure metamorphism-are found in the deformation of the plant
remains, and the darkened color, reduction in volume, and increase of luster, jointing, friability,
and even schistosity in the coal, as well as of cleavage and silicification in the surrounding
strata.

The progress of the dynamo-chemical process is most conveniently gaged by the extent
of the devolatilization (carbonization) of the fuel, as somewhat crudely determined by the
conventional method of "approximate analysis'' of the coal, the result being expressed in the
ratios of the fixed carbon and volatile matter. Neither the initial organic chemical compounds
nor those actually existing in any coal are fully known. The end product of the dynamo-
chemical process is the approximate elimination of the volatile matter, the residue being
graphite or, under conditions of intrusive contact, coke.

In the progressive transformation of peats, lignites, and subbituminous coals to fuels of
higher rank, what becomes of the resins and waxes? For the answer to this question we are
compelled, for the present, to depend largely on optical evidence.

The following observations relate, first, to the disappearance of the resins in the trans-
formation of the Cretaceous and Tertiary coals. Later the question of the presence of resins
in the coals of Paleozoic age will be considered.

Lump resins in widely varying amounts were found in all the lignites and subbituminous
coals examined, though in many coals the pieces were very small. This is true of the xyloid
lignites in the Fort Union Tertiary of North Dakota and Montana, the Cretaceous lignites of
the Atlantic Coastal Plain, the Tertiary lignites of Arkansas and Texas, the subbituminous
coals of the Cretaceous in the Denver Basin and in the Gallup district, New Mexico, the Eocene
coals of the Cascade region of Washington, and the Cretaceous coals of the Hanna district
of Wyoming. In all the coals of the lignitic and subbituminous ranks the resins have been
found to retain the ordinary resin color, and apparently their other physical characteristics,
although in some of the subbituminous coals the lumps show unmistakable effects of pressure,
which has distorted them and here and there partly squeezed them into the joints of the bed.
It is not probable, however, that the resins of these coals have remained wholly without chemical
change from their original composition, notwithstanding their typically resinous appearance.

In the higher-rank coals-that is, in those grading through the lower bituminous ranks-
the resins are found to have changed very greatly, having evidently undergone both physical
and chemical alteration. This is shown in general, first, by the darkening of the color to a
smoky brown; later, by the further blackening, crackling, and shrinkage of the lumps, which
at a still later stage appear to be reduced to dark brownish-black spongy or granular residues,
and still later, if the observations are correct, to a thin, fine, powdery black scale. The last state

I'White, David, Econ. Geology, vol. 3, No. 4, p. 303, 1908; U. S. Geol. Survey Bull. 382, p. 62, 1909.
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is difficult of recognition, and its correlation with the resin lumps is not without question.
This change of the resins, which constitutes in effect a reduction (carbonization) of the sub-
stance, appears to have proceeded rapidly at a stage less than midway in the progress of the
coals through the bituminous rank.

The behavior of the resins in the coals that are undergoing the somewhat advanced stages

of dynamo-chemical alteration is suggestive of the action of recent resins when heated. In

the highest ranks of the bituminous coals the resins are no longer recognizable as such to the
unaided eye, and the identification of their residues in these fuels is at the present time

wholly uncertain. They seem to have been practically obliterated, and the phenomena of their

disappearance strongly suggest a mode of devolatilization under conditions favoring the retention
of at least a part of their carbon in the coal. It is probably safe to infer that in the reduction

of the resin, as well as in that of the other plant materials, the losses of oxygen are dispropor-

tionately large. The reduction of the resins appears to be coincident with a corresponding
comparatively rapid deoxygenation of the coals themselves.

Without giving detailed observations regarding the fuels in the various coal fields, I will
mention only a number of somewhat typical localities, where the successive stages in the

alteration of resin may be well seen in the corresponding successive ranks of coal. It is under-

stood that the "resins" here meant are the ordinary "rosin"-like or amber-like lumps. The
rank of the coal will be, in a general way, shown by the accompanying percentage number,

which indicates approximately the fixed carbon of the coal on the "pure coal" basis (ash,

moisture, and sulphur free). There is some variance in the degree of alteration in the resins
at some mines and localities, just as there is variance (perhaps mutually corresponding) in the

percentage of fixed carbon at the same points. These variations may be due to local differences

in the stresses, to the advantageous position of the fuel at a certain point with reference to a

fold, or even to the comparative resistance of the enveloping strata. The coals here discussed
are all of Cretaceous or Tertiary age.

Among the subbituminous coals, in which the resins, though retaining their colors and
general physical features, are more or less squeezed into the joints, especially in folded regions,

mention may be made of the coals at Gallup, N. Mex.; Lafayette, Colo.; Renton and Centralia,

Wash.; Red Lodge, Mont.; and the Sheridan and Hanna districts, Wyo.
In the low-rank bituminous coals the results of the dynamic influences are more evident,

though there is but little visible evidence other than more advanced deformation and local
discoloration. Thus the resins are generally more apt to be squeezed into the joints or along
the bedding planes, in some places spreading out in large thin scales, although most of the
lumps seem to retain their characteristic resinous aspect, in the low-rank bituminous coals of

the Canon City field, Colo. (for example, Coal Creek, Radiant, or Fremont, averaging about
56 per cent fixed carbon); Shuinway (55), Strong (56), Pictou and Walsenburg (58), in the

Trinidad field, Colo.; Roslyn, Wash. (58); and New Castle (58), South Canyon (58), Black

Diamond (59), and Sunlight (59), in the Glenwood Springs field, Colo. In some of these coals

the lumps and scales of resin are in places turned more or less smoky brownish.
In the bituminous coals of slightly higher rank (fixed carbon averaging 60 per cent or a

little higher) the resin lumps are not only deformed, being mostly flattened out as thin scales

in the joints and bedding planes, but they have generally become of a dark sooty-brown color,
most of them being more or less completely reduced to a brownish-black granular residue and

some apparently to a mere black powdery film. The transitional stages from the smoky-brown or

lighter-colored vitreous, conchoidal, semitransparent, and sometimes crackled lumps and scales to

the reduced granular carbonaceous residues appear to be complete and abundantly illustrated.
Examples of this later stage are found at Durango (Porter's), Colo. (61); the C. F. & I. mine at

Crested Butte, Colo. (62); Carbonado, Wash. (62); Van Houten, N. Mex. (61); and Gulch, Colo. (63).

In the coals of this rank (61 to 63 per cent fixed carbon in "pure coal") lumps retaining even

1 These percentages, while probably fairly representative, are not to be regarded as showing with accuracy the average fixed carbon in the

coal at the point mentioned. More exact estimates of the average percentages may be gained from the examination of the tables of analyses
contained in Bulletin 22 of the Bureau of Mines.
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ii part the typical resin aspect are rarely to be found, though the very dark smoky-brown and
largely reduced phases verging into the granular carbonaceous residues are seen at most of

the localities mentioned.
In coals of a still higher rank the resins are apparently obliterated and no longer recog-

nizable to the unaided eye. This is illustrated in the high-rank bituminous coals of Eocene
age at Fairfax, Wash. (74); the Upper Cretaceous coal at Coal Basin, Colo. (76); the Eocene
coal at Montezuma, Wash. (82); and the anthracites north of Crested Butte and at Floresta,
Colo. In fact, I do not recall observing any material retaining megascopic resinous secretions
in the high-rank bituminous coals (65 to 68 per cent fixed carbon) in the vicinity of Trinidad,
Colo. (Sopris, Starkville, Cokedale, and Engleville), though carbonaceous traces, probably cor-
rectly identified as resin residues, are present. Fragments may, however, rarely be present here,

especially in "bony" layers of the coal beds.
In certain of the coal fields where the alteration of the coals is regional the disappearance

of the resin may be noticed in a restricted area, and even in a single very restricted coal group
or possibly in a single bed, as, for example, in the Trinidad-Walsenburg-Raton field. In the
Walsenburg district, at the northern end of this field, the low-rank bituminous coals of Upper

Cretaceous age contain abundant resins, generally preserving their physical characteristics,
though locally squeezed, but farther south along the same strata the resins are badly altered
or apparently much reduced in the area of low-rank coking coal reached at Hastings and Ber-
wind, about halfway to Trinidad, while still farther south, in the vicinity of Trinidad, the resins
in the same coals are practically obliterated, the carbonaceous residues being seemingly lost in
the finely jointed, granular high-grade coking coal. Other excellent areas for study are the
Glenwood Springs coal field (also Upper Cretaceous) and the vicinity of Crested Butte, both in
Colorado, where the regional differences in the fixed carbon are strongly marked. Another good
region for observation is offered by the Tertiary coal areas of the Cascade field, in Washington.

My observations are less complete than is desirable and need confirmation. This may

easily be accomplished by persistent and close field examination, which should take particu-
larly into view also the precise stages of resin reduction corresponding to the respective stages
of alteration in the coals themselves. However, the data now in hand appear to show that
when the ordinary types (humic) of bituminous coals approach a rank roughly indicated by
the development of 59 or 60 per cent of fixed carbon ("pure coal" basis), the megascopic resins
-contained therein reach a critical point, at which they begin rapidly to lose their resinous aspect

and suffer reduction; and that before the coal has been carried by the dynamo-chemical process
to 65 per cent fixed carbon the resin darkens, crackles, and shrivels, losing its characteristic
features and apparently becoming reduced to a small coaly residue.

The period of marked alteration and reduction (carbonization) of the normal megascopic
resins in the coals of Cretaceous and Tertiary age seems in general to coincide with that point
in the devolatilization of the fuels which leads (other things being equal) to the development
of the qualities essential to the production of high-standard commercial coke.

Whether the microscopic particles of resin still contained in the cells and canals of the
plant or strewn about, freed by the decay of the surrounding tissues, on the ancient peat and
mud layers have simultaneously undergone the same alteration and reduction as is observed
in the readily visible lumps is yet to be determined by microscopical examination. It seems,
however, fairly safe to assume that the internal resin secretions of the plants, which presum-
ably are chemically identical with the wound resins, have similarly and contemporaneously
suffered reduction and carbonization.

The typical coking quality, once developed, continues until the coal is carried approxi-
mately to the semianthracite rank, or, apparently, as long as sufficient volatile carbon and
hydrogen remain in the fuel. Whether resins of any kind or any allied substances survive
during this period remains to be determined. Their persistence, except as coalified residues,
through the coals of semibituminous rank seems highly improbable. In this connection it
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will be remembered that the progressive deoxygenation of coals brought about by the dynamo-

chemical processes results in the development in the higher bituminous ranks 1 of hydrogen-
oxygen ratios (dry coal basis) similar to the ratios found in the resins. As already noted,

the resins tend to impart a high hydrogen-oxygen ratio to the otherwise high-oxygen coals

of the lower ranks, the highest ratios in these coals being found in the canneloid types. In

the high-rank coals the high hydrogen-oxygen ratio necessary for successful and practicable
coking is developed in the process of normal progressive devolatilization.

The period of coal alteration that is marked by the reduction of the resins appears to

comprehend also a "deadening" of the cannel coals associated in the same groups of strata,
as is to be expected. The apparent lack of cannel coals retaining their characteristic cannel
qualities in the regions of semibituminous and higher-rank coals seems to be due to the reduc-

tion of the resins and other related canneloid elements. Beds or lenses, apparently deposited
under cannel-forming conditions and probably once cannels, are present in the regions of

semibituminous and anthracite coals, but though they retain a semblance to their original
aspect and the massive conchoidal structure of cannels they have lost the special cannel quali-
ties and are now often classed as "bone." I know of no occurrence of typical cannel coals

or oil accumulations in formations and districts wbeite the regional devolatilization of the

coals has brought the humic coals to the rank characterized by 70 per cent of fixed carbon.
A question to be determined by chemical investigation is whether the reduction or car-

bonization (presumably a smothered devolatilization) of the resins has not aided in the deoxy-
genation of the remaining substance of the coal.

In areas like the Cascade coal field of Washington or the Glenwood Springs, Crested Butte,
and Trinidad fields in Colorado, where in passing from one side of the field to another the coals

are found to be progressively more and more altered through the dynamo-chemical process,

there is no evidence whatever to serve as the basis for a belief that the plants growing in the
district of low-rank coals differed essentially either in kinds or in resin content from those con-

tributed to the original peat in the district of high-rank coals. The coals, some of which are

practically continuous from area to area, are accompanied by similarly formed underclays,
mostly containing roots in place, are similarly layered in benches apparently similarly composed,

and are covered by shales or sandstones which, so far as observed, contain identical floras, thus
showing approximate identity in the conditions of deposition of the fuel. It also must be

remembered that the high-rank coals are similar in their mechanical constitution to those of low

rank, containing fully as much woody matter, either in its jetlike condition of coalification or

as "mineral charcoal," or, on the other hand, fully as much spore and vestigial material as the

lower-rank coals in the same formation and basin. The progressive reduction (carbonization)
of the cell walls, the dehydration of the remaining tissues, and the reduction of the resins or

allied substances have naturally produced a decrease in the size of the wood fragments, but it is
probable that the other material in the coal has suffered similar reduction, so that the propor-

tions remain nearly the same. The progressively developed pressure cleavage, usually with

more or less deformation, which on the whole becomes more and more evident in the more
highly altered coals, not only tends to mask the texture of the woods, which are at the same

time slightly reduced as the result of devolatilization, but tends in particular to crush and oblit-

erate the mineral charcoal, which consequently contributes mainly to the dust and smut of the

high-rank coal when it is mined and prepared for market. This is true also of the anthracites
and other high-rank coals of the Paleozoic coal fields.

The observations as to the disappearance of the resins accord fully with the theory of the

devolatilization (carbonization) of the coals as the result of thrust-pressure metamorphism,
the coals being most altered, except in the vicinity of intrusives, where the pressure has been
most intense and longest sustained, with variable but increasing strains.

1 U. S. Geol. Survey Bull. 382, pp. 53, 54, 1909.
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RESINS IN PALEOZOIC PLANTS AND COALS.

The preceding discussion concerns mainly the coals of the Cretaceous and Tertiary periods,
in which resin-bearing types of vegetation are known to have been abundant, as is shown by the
fossil remains, and which, wherever they have not been too far altered by the dynamo-chemical
process, are conclusively shown to contain resins of various kinds in microscopic deposits if not
in plainly visible aggregations. We pass now to the consideration of the Paleozoic coals, in
which the original occurrence as well as the present existence of resins has generally been doubted.

Most geologists and chemists seem inclined to the belief that the great differences which
are almost universally supposed to exist between the Paleozoic coals (the so-called "stone
coals"), on the one hand, and the Tertiary and Cretaceous coals (generally taken for granted
to be lignites or brown coals), on the other, are due mainly to differences in the composition
of the plants contributed to the formation of the coal in each great era. Prominent if not chief
among these assumed differences is the supposed absence of resins in the coal-forming vegetation
of the more ancient periods. The fact that in the apparent absence of resins visible to the
unaided eye the Paleozoic coals strongly contrast with the characteristic low-rank coals of the

later epochs, in which resins are so commonly obvious or are at least nearly always to be found
if sought, has seemed strongly to support this theory. The persistent adherence to this con-
clusion is, however, remarkable in view of the well-known occurrences in the younger formations
of whole areas and groups of high-rank coals. Neither the ultimate nor the proximate analyses
of the high-rank bituminous Tertiary and Cretaceous coals afford any criteria for a chemical
distinction between these coals and those of the same rank but of Paleozoic age. This circum-
stance harmonizes with the fact, well known to those having wide knowledge of coals of dif-
ferent ages, that at least very many specimens representing the higher ranks of Tertiary or
Mesozoic coals are indistinguishable, to the unaided eye, from similar specimens of Paleozoic
coals of the same rank, the identity of bedding, lamination, jetty layers, charcoal layers, and
woody or minute debris being so complete that only by paleobotanic examination can the age
of the sample be detected. The plant materials originally forming the high-rank Cretaceous and
Tertiary coals were not less resinous than those entering the coals of lower rank in the same
geologic group and province.

The criteria which serve as the basis for the belief, on purely paleobotanic grounds, that
resins and waxes were present in the peat-forming vegetation of the Carboniferous period
may be summarized as follows:

1. The dominant types of the Carboniferous vegetation, such as the lycopods, ferns, Cala-

mariales, Cycadofilices, and Cordaitales, though mostly of lower orders than the dominant types
of the Cretaceous and Tertiary coal fields, are hardly inferior to the latter in magnitude nor in
their highly developed organization, as is shown by the anatomical structure of petrified material
representing many of the forms. A great number of the lycopods, Cycadofilices, and Cala-
mites were not only trees in size but were also provided with exogenous woody trunks and
cortical developments equaling in complication of structure the plants of the present day. The
inference is reasonable and justifiable that the terrestrial vascular plants growing under similar
environmental conditions in the different geologic epochs have been subject to the same vital
principles, have carried on the same functions, and have been composed of similar plant com-
pounds, and that they have accordingly contributed plant products, including carbohydrates,
proteins, fats, oils, waxes, and resins, similar, if not essentially the same, both in variety and in
chemical composition, in all the epochs of great coal formation. Evidence is also found in the
presence of secretory canals and cells in the nearest living relatives of the ancient plants, and
in the occurrence in certain cannel coals of microscopic bodies which, though untested chemically,
have an aspect so resin-like as to lead to their interpretation as probably resins.

2. The microscopic studies carried on by Renault, Williamson, Scott, Zeiller, Seward, C. E.
Bertrand, and others, of petrified fragments of Carboniferous plants, some of which occur
silicified or calcified in the midst of the beds of coal, have revealed the presence, in most of the
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Carboniferous vascular plant types, of canals and cells that have been interpreted as secretory,.
though few of them have been regarded with confidence as resin-containing and none seem to
have offered criteria decisive as to this point. It is worth while in this place to cite some of the
most important paleobotanic data bearing on the problem.

The Stigmaria roots which are so nearly omnipresent in the underclays of the Carboniferous
coals and even in the layers of the coals themselves contain certain strands described 1 as "secre-
tory." The Stigmaria are the roots of Sigillaria and Lepidodendron. It is therefore interesting
to note the presence of secretory cells filled with dark-brown residues, associated with the
transpiration tracts in the cortical tissues of Sigillaria 2 found silicified in the Permian at Autun,
France. The structures are regarded by Renault as "gum cells with sheaths"and by Seward
as "secretory strands." Seward 3 notes the occurrence in Lepidodendron of a secretory zone
outside of the cylinder of secondary wood, embracing an "association of small cells, large spaces,
and a certain amount of dark-colored material suggestive of tissue disorganization and secreted
products." In the silicified material it is perhaps impossible to determine whether the residues
noted in these fossil lycopods included resins.

Among the Paleozoic ferns numerous sacs supposed to have been of a "secretory nature"
found in the inner zone of the cortex of the trunks of Zygopteris have been described by Scott,4

and "gum canals" in Psaronius are pointed out by Zeiller.5 The latter were the tree-fern
trunks which bore the typical Pecopteris fronds so abundant and omnipresent in the higher
coal measures.

In the Cycadofilices, which combine structures characteristic of the primitive gymnosperms,.
particularly the cycads, with others characteristic of ferns, especially the Marrattiacete, secre-
tory structures have been observed in many types and are perhaps present throughout the
group; thus Scott 8 notes that in Lyginodendron, the best-known type of the group, "sacs with
dark contents, probably representing some kind of secretory organ, are frequent in all the soft
tissues of the plant." The occurrence of secretory glands at the apices of the spines is charac-
teristic of the fronds of this genus. In Ptychoxylon Renault I found in the outer cylinder of
the cortex numerous elongated cells, many of them hypertrophied and filled with brown matter,
"perhaps a gummy substance." The characters of the American material later to be described
make it seem probable that these may be resin cells. "Numerous secretory canals much resem-
bling the gum canals of recent cycads," and interpreted by both Renault 8 and Scott 9 as probably
gum canals, are scattered throughout the thick cortical tissues of both the trunks and the petioles.
belonging to the genus Medullosa. To this genus probably pertain the petioles to be described
later in this paper as containing a resinous substance. Secretory sacs or canals have been found
also in the thick cortical tissues of Cycadoxylon and the Poroxylon type, and "gum canals"
are reported as abundant and large in the hypodermal bands of Colpoxylon,10 where they are
sometimes filled with a brown substance thought to be possibly resin. Likewise Retinodendron,
a type close to Cordaites, is said by Renault 1 1 to have abundant "resin tubes" and "secretory
cells" in alternating zones of the cortex. The Cycadofilices embrace many of the commonest.
fernlike genera of the Carboniferous, including Neuropteris, Alethopteris, Odontopteris, Callip-
teris, Linopteris, and Mariopteris.

Especially interesting is the fact that Renault 12 observed in the branches of Arthropitus, a
type supposed to be related to Calamites, many short longitudinal cells containing dark-colored
bodies resembling resins, and many tubes interpreted by him as "gum reservoirs." The outer

1 Seward, A. C., Fossil plants, vol. 2, pp. 158, 159, 1910.

2 Renault, Bernard, Bassinhouilleretpermien d'Autun et d'tpinac, vol. 4, Flore fossile, pt. 2, pp. 222, 224, P1. XLI, figs. 9 and 10, 1896.
3 Op. cit., pp. 114, 145, 146, 168, fig. 183.
4 Scott, D. H., Studies in fossil botany, 2d ed., vol. 1, p. 315, 1908.
e Zeiler, Rend, Bassin houiller et permien d'Autun et d'pinac, vol. 1, Flore fossile, pt. 1, Pl. XXI, 1890.
6 Op. cit., p. 368.
7 Op. cit., p. 322.
8 Idem, p. 295, Pl. LXX, figs. 1 and 2.
9 Op. cit., pp. 434, 437.
10 Renault, Bernard, op. cit., P1. LXVIII, figs. 2 and 7; p. 203.
11 Idem, P1. LXXVII, figs. 10, 13, 14.
12 Idem, Pl. XLVII, figs. 2, 3; P1. XLVIII, fig. 2; Pl. LV, figs. 6, 7; Pl. LVI, figs. 6, 7; p. 91.

74



RESINS IN PALEOZOIC PLANTS AND IN COALS OF HIGH RANK.

fleshy coats of the seeds of Cordaites are provided with canals which have been supposed to be
intended for the storage of gum or tannin, and the parenchyma of the primary cortex of the
trunks of the tree is said to envelop secretory sacs.

Mention should be made of the large canals and reservoirs and of unequal rounded granular
bodies in the cortex of Hapaloxylon; of supposed gum cells near the nerve strands in Calamo-
dendron and Dolerophyllum; and particularly of the occurrence of wood cells containing products
regarded by Renault 1 as resinous, and of groups of cells full of "resin" in the large pith of the
stems of Cedroxylon.

Finally it is important to note the occurrence, as described by both Renault 2 and Zeiller,3

of numerous "gum tubes" filled with dark residues, associated with the sclerenchymatous hypo-
dermal strands of the petioles known as Myelopteris and Myeloxylon. The suggestion that these
canals are possibly resin-bearing appears to be fully justified, as will be pointed out in the descrip-
tion of carbonized remains from Montana, possibly belonging to the same genus. Before
passing from the subject, it should be noted that the spore exines of the Paleozoic pteridophytes
are generally believed, for good reasons, to have been protected by waxy, resinous, or gummy
coverings like those of their living successors.

Many of the structures noted above are very likely mucilage or gum receptacles, but it is
highly probable that some, at least, of the types were resin-secreting, and there is little doubt
that they would have been so interpreted by paleobotanists had the occurrence of lump resins
in the Carboniferous coals been fully recognized.

For many years I have observed in most of the Paleozoic coals of moderate or low bitu-
minous rank the presence of great numbers of slender, rigid, glossy, cylindrical, needle-like
rods of varying sizes, longitudinally embedded in very many of the fragments of mineral char-
coal ("mother of coal"). Such carbonized fragments of wood are especially abundant in the
Carboniferous coals of the interior basins, in places forming layers of considerable thickness.
The slender rods, varying in diameter apparently according to the kind of tree, protrude from
the macerated edges of the wood like the ends of broken needles. When examined closely
they are found to be discontinuous. (See Pl. XI, fig. 4.) Even when the surrounding tracheids
or wood cells did not completely decay away during the process of peat formation so as to
expose them or leave them isolated, the collapse and reduction of the wood when partly mac-
erated and under pressure was so complete and the wasted cell walls are so closely flattened
that the slender parallel rods produce ridges where they lie near the surface of the "charcoal"
fragments, which are usually reduced to a thin scale.

A typical example of a fragment of a compressed stem preserved as "mineral charcoal,"
from coal "No. 2," near Gerlaw, in western Illinois, is shown in figure 1, Plate IX. This frag-
ment, which is split along the bedding plane, is but a portion of large piece of carbonized
wood over 2 feet in length and several inches in width, lying in the midst of a well-laminated
coal. Under the lens the very slender needle-like or rodlike casts are seen lying on or partly
freed in the longitudinal grain of the wood. Many of the casts come very obliquely to the
surface, and some are exposed for long distances. Others appear only as ridges in the "char-
coal" scale to which the surrounding collapsed, softened, and wasted woody tissues were reduced.

Numerous broken fragments of isolated casts lie strewn among vestiges of cuticles and other
comminuted vegetal debris on the right, as may clearly be seen under the lens. A clearer
presentation of the needle-like rods contained in this fragment of flattened carbonized wood
is given in the four times enlarged figure of a portion of the same specimen (Pl. XI, fig. 4).
In the inspection of this and the other figured examples of a common type of mineral charcoal
the following points should be noted: (1) The needle-like rods lie in their original position in
and parallel to the grain (tracheids) of the log; (2) they were hard and terete before the partial
maceration of the surrounding wood cells, or, conversely, the tracheids collapsed and rotted
away, while the rods were hard and resistant to pressure; (3) they were resistant to the bio-

1 Op. cit., p. 368.
2 Renault, Bernard, Acad. sci. Paris Mlm. say. ltrang., vol. 22, No. 10, p. 17, Pl. V, fig. 40, 1875.
3 op. cit., p. 284, Pl. XXVII.
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chemical agencies of decay, which liberated great numbers of them to be washed or strewn
about on the mud or peat surfaces; and (4) they appear to have largely retained their form

and their rigid though fragile character, while the peat has been altered by the dynamo-chemical
process to coal of bituminous rank. These features leave no room for doubt that the rods
are in fact but the casts or fillings of canals longitudinally traversing the tissues of the woods
and petioles of some of the coal-forming plants. Their rigidity when existing in the fresh
vegetation points to their nature as hard, brittle resins, gums, or waxes, but their resistance to
the agents of decay and to the dynamic action argues against the interpretation of them as
gums, while their mode of occurrence in internal canals points most strongly to their being

resins instead of waxes.
The aspect and mode of occurrence of the fragments of carbonized wood ("mineral charcoal")

so common on the bedding planes of coal is well shown in the piece of bituminous coal from
the midst of the bed mined near Exeter, Ill., illustrated in figure 2, Plate IX. In this fragment,
a part of which is shown enlarged four diameters in Plate X, the vessel casts, though of a type
more slender than in the other specimen, are distinct. In some of the "charcoal"' fragments,
like that in the upper left corner of the photograph, which nearly cover the bedding plane
of the specimen, the fracture is closely parallel to the grain; but several of the other pieces are
either macerated or abraded obliquely to the grain, so that the vessel casts protrude from the

worn ends. It will be noticed further that many segments of the casts, completely released
by decay of the wood, lie scattered here and there like fragments of broken needles. Some of
them are but slightly moved from their original attitude as they were left by the decay of the
surrounding tissues. Most of the large wood fragments on this piece of coal contain the needle-
like vessel casts, though vestiges of wood in which none are seen are also present here, as in
very many specimens and in most coals. It is probable that in the older peat swamps, just
as in those of to-day, the resinous woods were more resistant to decay than the other types
and therefore more likely to escape decomposition.

Many specimens are found in which the decay of the wood has been practically complete,
so as to free the casts entirely. A good example of such isolated and broken casts is shown
in figure 3, Plate IX, and four times enlarged in Plate XII. In this fragment, from a thin
bony layer in the coal at Colchester, Ill., the rods are mingled with comparatively small num-

bers of large megaspore exines, minute fragments of cuticles, and scattered remains of the
resinous or waxy, very resistant envelopes of certain seeds, particularly Cardiocarpon, two
of which are present on the fragment illustrated. The casts, which vary in diameter and
probably belong to several species of plants, at first glance suggest sponge spicules, but their
ready combustibility betrays their vegetal origin. The specimen illustrated, which is about
a quarter of an inch in thickness, is somewhat minutely laminated, some of the lamina con-
taining extremely thin layers of nearly amorphous carbonaceous silt. Between some of these
laminae are thin lenses and streaks of jetlike wood, all very much flattened. The layer here
represented contains, as already explained (p. 68), much cannel-forming material, though the
lamination with fine mineral sediment and stems gives it a "bony" character.

Carbonized wood fragments containing terete, brittle, decay-resistant vessel fillings, such
as those shown in the accompanying plates, are abundant in most Paleozoic coals, at least
in the interior basins of the United States, except where they are too far altered by dynamo-
chemical agencies. A slight curvation sometimes noted possibly indicates a degree of elasticity

or toughness in the original substance, but a degree of fragility in these fillings is shown by
the ready fracture of the casts isolated by the decay of the rest of the tissues in the waters of
the peat-forming swamp. That the contents of the canals were hard and round when the fresh

wood fell to the surface of the swamp is shown by the maintenance of their tereteness while
the surrounding tissues were undergoing maceration and deformation in the peat. Their free
combustion, apparently with high volatile matter, plainly shows that they were not produced
by occupation of the vessels by fine silts or other inorganic mineral matter. Their hardness

1 In another place (Bureau of Mines Bull. 38, 1913) I urge that these "mineral charcoal" fragments are not cinders nor fragments, charred by

burning at the surface of the swamp.
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and moderate rigidity at the time the woods decayed show, on the other hand, that they can
not be merely hardened organic solutions occupying the canals after the woods became im-
mersed in the swamp; otherwise they would have suffered deformation or perhaps would have
again entered solution when freed from the rotting tissue. The waste of the cell walls on
account of chemical reduction and the collapse of the partly macerated cells under pressure to
a thickness of one-fifth to one-fifteenth, or possibly less, of their original diameter bring the rods
into prominence, even where they are not actually exposed at the surface of the carbonized

wood, now generally reduced to a thin scale. In this way the cast material is effectually
concentrated.

A close examination of the casts under low magnification shows that they resemble very

dark brown or slightly orange-brown vulcanized rubber, the fracture being conchoidal and
somewhat vitreous. Under stronger magnification the casts are found to be composed of an
orange-russet or more or less yellowish semitranslucent substance. Cross sections, rounded or

oval in form, of amber-like substance, similar to and probably identical with those composing

the casts, are to be observed in thinly ground sections of coals from the same group, prepared

and described by Thiessen, 1 and are regarded by him as probably transverse or oblique sections
of resin vessel casts.

The cannel coals from the basal coal measures of Missouri and from the upper Pottsville

in eastern Kentucky, examined by Thiessen, contain, in addition to the usual varied spore

exines, numerous small irregular lumps of highly refractive substances slightly varying in their
orange or yellow tones, which are interpreted by him, rightly, I believe, as resins. It will also
be noted that in a recent important paper on the explosive elements in coals James Lomax 2

has described the occurrence of several microscopic bodies which, on account of their form and
aspect, he regards as resins.

As in the Cretaceous and Tertiary coals the resins have persisted in form recognizable as

resins until the coals have advanced some distance into the bituminous rank, it follows that
remains of resins, if they were ever present and if they were similarly resistant to the biochemical

agencies of coal formation, should similarly be found in Paleozoic bituminous coals of the same
rank.

Accordingly they should be present in such Paleozoic coals as those of western Illinois,

Iowa, and western Missouri. In 1908, immediately after an examination of the coals in several
of the western coal fields, I was engaged in the eastern interior coal fields, where the compara-

tively low rank of the Paleozoic coals seemed favorable for resin survival. As a result of a

close inspection, resin in small lumps was found in the coal at several of the comparatively
few mines visited.

Lump resin was found in a dense, hard, bony layer in which very little woody matter was

visible and the canneloid concentrates were mingled with a large percentage of mineral sedi-
ments at the Rutledge mine, a few miles northwest of Ottumwa, Iowa. At the La Salle shaft,
in the eastern edge of La Salle, on the northern border of the Illinois coal field, the coal derived

from bed "No. 2" (the bed from which the wood shown in fig. 1, Pl. IX, was taken) reveals

a few small fragments of resin. One of these is shown, five times enlarged, in Plate XI, figure 1.

The same block, about 5 inches in cube, of typical laminated bituminous coal, shows at different
levels two other fragments of resin, one of which, exposed on the "butt'' of the coal, isseen
similarly enlarged in figure 3 of the same plate.

During a casual examination of the coal of upper Pottsville age at a small mine in one of

the lower block coals near Brazil, Ind., the small but somewhat conspicuous fragment of resin
shown five times enlarged in figure 2, Plate XI, was observed. It will be noted that the resin
in this specimen, which comes from the midst of the bed, has been squeezed along both the

bedding and the joint planes, so that its cross section has a "step" structure. A vertical joint
just to the left of the resin lump is indicated in the illustration by the filling of narrow "white

1 White, David, and Thiessen, Reinhardt, The origin of coal: Bureau of Mines Bull. 38, 1913.2Inst. Min. Eng. [London] Trans., vol. 42, p. 2, 1911.

38725-No. 85-14--6
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scale," whose irregular line in the photograph is due to the uneven fracture of the coal and

the obliquity of the view. The opening of the joint and the deposition of the salts are probably
of late date, while the deformation of the resin, which is squeezed along the bedding and vertical
joint planes, probably dates from the post-Paleozoic uplift. The deformation of the resin is

exactly comparable to that so familiar in the high-rank subbituminous and lower-rank bitu-
minous coals of Cretaceous age in the western United States.

In all the specimens noted in the Paleozoic coal fields in the upper Mississippi Valley the
substance retains its russet-amber, vitreous, translucent, resinous aspect, appearing exactly
like some of the resins in the younger coals. One of the fragments from La Salle is slightly

yellowish, granular, and more opaque than the others in the same fragment of coal. Another
is somewhat irregularly pitted or hollowed, as is indistinctly shown in figure 1, Plate XI. The

resin lumps in these coals are friable and have a conchoidal fracture. Fragments from the
Indiana specimen illustrated in figure 2, Plate XI, when burned on the platinum spoon by

Chase Palmer, of the Geological Survey, were found to fuse readily, gradually turning brown,
while emitting resinous odors. At higher temperatures they became dark and pitchy, emitting
resin fumes before bursting into a light-yellow flame. A trace of grayish ash remained on the
platinum after combustion. A very small quantity of this resin examined by David T. Day

was found to be hardly soluble in alcohol, though it was partly dissolved in chloroform.
As already remarked, no systematic search for resin in the Paleozoic coals of the eastern

interior basin or any other Paleozoic region has been made. It is probable, however, that

resins will be found to be widespread in those Paleozoic coals that are not too far altered, in
accordance with the observations of the Tertiary and Cretaceous coals of corresponding rank.

The amount of wound or surface-exudate resin secreted by the Paleozoic plant types appears
to have been small compared with that secreted by the later plants, but it is probable that
the Paleozoic plants had ample canal storage.

Regarding the probably resinous nature of the canal casts so abundant in many of the car-

bonized woods in the Paleozoic bituminous coals of the interior fields, as described and illus-
trated on previous pages, I have recently learned of criteria of a novel and interesting character.

The occurrence of Paleozoic fossil plants on Big Spring Creek, 20 miles southeast of Lew-

iston, Mont., having been reported, specimens were, at my request, gathered in 1911 by Dr. A. C.

Peale, of the United States National Museum, with whom was associated Mr. A. C. Silberling.
The material collected was found on examination to consist mostly of the remnants of very

badly macerated fragments of ferns, lycopods, and Calamariae, carbonized and confusedly min-
gled with sufficient extremely fine gray argillaceous silt not only to destroy its value as coal,

but even to impart to some of the layers a soiled, dark, sooty gray color. Though petioles of
several types are abundant in this material, no filicoid pinnules are distinguishable, they having
apparently disappeared by decay. Carbonized stem fragments of Sphenophyllum, Astero-
phyllites, Calamites, and Lepidodendron are mingled with megaspore exines, sporangia, and
seed coats of Cardiocarpon.

The strata of this vicinity are said by W. R. Calvert, who in 1911 made a reconnaissance

examination of the geology of this part of Montana, to belong to the upper part of the Quadrant
formation, the geologic age of which has been questioned. Numerous petioles, exhibiting the

characteristic superficial features of Sphenopteris (Lyginodendron) hoeninghausii, associated
with Lepidodendron obovatum in the collection show that at least this part of the Quadrant
formation is of Pottsville (Westphalian) age.

On examining the fossils from Big Spring Creek I was greatly astonished to see flat bunches
of parallel, flexible, threadlike fibrils, suggesting the raveled edge of some textile fabric, pro-
truding from the edges of the rock and from the ends of some of the carbonized plant frag-
ments. A close examination of these singular fibrils showed them to issue from the ends of

carbonized fragments of certain narrow, slender stems or petioles, apparently of a filicoid type,
that were most abundant in the coaly shale. The scalelike coaly residues of these petioles

(as I prefer to regard them) are longitudinally traversed by the parallel fibrils, which are com-
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pletely enveloped by the carbon, though between many of the fibrils the carbon, representing

the remaining undestroyed substance of the petiole, is thinner than the diameter of a fibril;

consequently the fibrils produce prominent ridges in the carbon. On account of the hardness

and tenacity of the fibrils, they may not only be readily stripped from the carbonaceous matrix

but some of them may be pulled in segments of considerable length from the broken edges
of the shale. Segments over 8 centimeters in length may be obtained without great difficulty.
The aspect and mode of occurrence of these most interesting features can, however, be best

comprehended on examining the accompanying illustrations.
In the small fragment photographed natural size shown in figure 1, Plate XIII, is seen the

carbonized residue of a petiole transversely crossing the shale fragment. The petiole evi-
dently was much macerated and is now flattened to a very thin layer, less than 0.3 millimeter

thick, of glistening black, imperfectly cubical but quite friable coal. This is longitudinally

traversed by the parallel fibers, whose continuity and strength have enabled them to tear a
part of the petiole, on the left, from the adjoining shale. This part of the petiole is now held

suspended by the fibrils, which are still "in place." The appearance of the specimen is better

shown in figure 1, Plate XIV, photographed twice the natural size. Obviously we have here

the homologue of the needle-like casts of the canals already described as occurring in the flat-

tened and reduced carbonized woods from the coals of the Mississippi Valley. However, in

the Montana material, which is less altered, the fibrils are still somewhat flexible and tough.
When the canal fillings are isolated the adhering fragments of coal and shale may be mostly

removed by careful crushing or rubbing between the fingers, leaving the dark, threadlike casts

free, whereupon, if long and unsupported, they are apt to droop slightly by their own weight,

as shown in figure 3, Plate XIII, and figure 2, Plate XIV.
The parallelism and regularity of the canal casts and their relation to the carbonized resi-

dues, which often lie compactly superposed in varying directions, are better seen in figure 2,

Plate XIII, which represents a thin layer of the shaly bone. Examination of the photographic

enlargement of a part of the same specimen, shown in figure 3, Plate XIV, shows the casts to
be nearly cylindrical, though slightly variable in cross section. Notwithstanding a degree

of flexibility (see fig. 3, Pl. XIII), which enables the threadlike casts to be bent and twisted

to a certain extent, and a toughness which enables one actually to pull them out to the edges

of the shaly bone (so friable is the environing coaly scale), they are brittle, usually fracturing
squarely, though minutely conchoidal. In many specimens the fragments of carbonaceous

shale are, when broken, held together by the canal casts, as illustrated in figure 2, Plate XIV.

In most of the petioles the maceration and decay of the plant tissues at the time of their deposi-

tion in the muddy water of the swamp were not so complete as to leave the casts without sup-
port. In other fragments, however, as illustrated in figure 4, Plate XIV, the decay extended

to more resistant cortical tissues, so that the casts were left free and unsupported within the

sheath maintained by the cuticle. This is shown not only by the nearly complete absence of

environing coaly residue, but also by the lax, irregular attitudes of the released fillings of the

canals, which curve and overlap in slight confusion, although their general longitudinal direc-
tion is preserved. Frequently the casts were entirely freed by the decay of the stems or peti-

oles, so that they are left isolated and drifted about in various positions, as is shown in portions

of the same figure. It is to be noted that the isolated and probably slightly drifted casts were

at the time of the deposition of the plant debris so brittle that they were broken into fragments

comparable to those of the isolated rods seen in the coals of Illinois, Iowa, Missouri, and Indiana,

though in the Montana specimens they seem to have been slightly less friable and more flexible

and are usually found in greater lengths where isolated and tangled in the surrounding clay or
debris.

Like the secretions from the coals of the Mississippi Valley already described, the Montana

rods appear amorphous, to the naked eye resembling vulcanized rubber. When freed from

the surrounding carbon or adhering clay by gentle rubbing between the fingers or by treatment
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in hot nitric acid, the isolated threads may be manipulated with ease and mounted for examina,

tion under the microscope. They are then found to be composed of a russet-yellow, semi-
translucent substance resembling resin. The thinner sections presented by the more slender
threads approach an orange-yellow. It is to be noted also that many of the canals were,
for apparently short distances, not completely filled by the substance, which seems to have
been deposited on the walls so as to form a hollow cylinder. Some of the cylinders were
crushed or caved in on one side. The attempt to discern the configuration of the contact
cells forming the walls of the vessel has not yet been wholly successful, though some of the
rods have the aspect of having been bounded by longitudinally short, small cells, roughly
quadrilateral in outline. The evidence, so far as it goes, points, therefore, to the typical canal
structure for the container of the resin-like secretion.

As previously noted, the canals varied considerably in diameter, some of the plants having

comparatively large rods like those shown in figure 2; Plate XIII, and figure 3, Plate XIV,
while in others, such as are seen in figure 1, Plate XIII, the rods are relatively slender. Some
difference in size is to be observed even in the fibrils lying in a single petiole. In this connec-
tion it may be remarked that similar differences may be noted in the Myelopteris petioles
described by Renault and Zeiller, previously mentioned.

The examination of the Montana material leaves scarcely room for doubt that it is of the

same general nature as the secretions filling the canals in the carbonized woods or freed as
needle-like fragments in the vegetable debris or carbonaceous muds of the Illinois coal field.
It will have been noted that in both regions the fillings or rods were evidently approximately
cylindrical in form and of nearly uniform diameter throughout great lengths; that most of them
were hard enough successfully to resist the pressure of overlying vegetable debris and muds,
not only during the peat-forming process, but also during later periods; that they appear to
have been largely if not completely resistant to the biochemical processes which accomplished
the partial decomposition and transformation of the vegetal debris into peat; and that they
have survived the subsequent dynamic and chemical agencies which transformed the original
peaty substance into a cubical laminated coal of low bituminous rank. The conditions of their
release from the freshly rotting stems and petioles in the water of the peat-forming swamps
and the mode of their deposition in the peat absolutely preclude all hypotheses explaining their
origin as infiltrations of vessels or canals subsequent to the burial of the stems in the peat.

The isolated rods ignite readily and burn freely with a bright-yellow flame and a moderate

amount of smoke in the open air, leaving a small amount of dark-gray reidue. Small quan-
tities of the threads, after isolation and such imperfect cleaning as could be given by moderate
rubbing between the fingers, were, through the courtesy of Mr. J. D. Davis, of the Bureau
of Mines, subjected by him to ultimate analysis, with the following result:

Analysis of resinous vessel casts from Montana.

C......................................................................................72.69
H..........-----------------------------------------------------------------------------8.85
0..........-----------------------------------------------------------------------------13.61
Ash.........----------------------------------------------------------------------------4.85
Ash-free:

.......................................--------------------------------------------- 76.40
H------------------------------------------------------------------------------ 9.30
0.....................................---------------------------------------------14.30

It is probable that the ash of the sample is slightly high on account of the method of
cleaning, which possibly also affected the other percentages to a slight extent, though presum-
ably in no important way. Mr. Davis states that very little of the substance has been dis-
solved by acetone during about five months. The analysis of the Montana resinoid secretions
may profitably be compared with some of the analyses given on page 68. It is particularly

comparable to the analysis of the lump resins from the Upper Cretaceous coals in northern
New Mexico, described by Loew 1 as wheelerite.

1'Loew, Oscar, Am. Jour. Sci., 3d ser., vol. 7, p. 571, 1874. Specimens probably from the Cretaceous of northwestern New Mexico.
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Analysis of wheelerite from New Mexico.

C...-- ........-------------------------------------------------------------------- 73.07
H ....................................................................................... 7.950H----------------------------------------------------------------------------.950............................................................................. 18. 98

The highly bituminous" character of the Montana Paleozoic material is conspicuously
0

shown by its high ' available" hydrogen (H -- =7.5 per cent) and its high hydrogen-oxygen

ratio of 0.65, whith, in a coal of the ordinary humic type, should place it within the coking
class. 1 Obviously the effect of the presence of great numbers of these rods in a coal must be to

"bituminize" it; to provide a high percentage of volatile matter; to impart a high calorific
value to it; and, similarly, through the presence of so much hydrogen probably, to make the
volatile highly illuminant. The rods are excellent cannel-forming ingredient matter.

In view of (1) the mode of occurrence of the secretions inclosed in the canals of the petioles
and carbonized woods, as well as free in both the Montana and the eastern interior coal measures,
(2) their resistance to the agencies of decay, (3) their aspect and state of preservation, (4) the
microscopic characters of the substance composing the casts and its optical similarity to resin,
(5) the close agreement, according to the chemical analysis, with the resins, and (6) the ascer-
tained presence of lump resin in the Carboniferous coals of the upper Mississippi Valley, I have
had little hesitation in regarding all these substances as resins, though not necessarily as identical
resins. Not only is the Montana substance itself resin-like, but its mode of occurrence is a
common mode of resin secretion in the plants of to-day. That it may be a gum seemed improb-
able, largely on account of its resistance to the agencies of alteration.

Feeling, however, that the Montana material, which is somewhat tougher and more elastic
than the secretions found in the eastern coals (though it may not always have been so), might
represent an unusual mode of occurrence of a resin-like wax rather than a typical resin, I sub-
mitted samples of the casts to Dr. C. L. Alsberg, then of the Bureau of Plant Industry in the
Department of Agriculture, whose broad interest in problems of this kind and whose friendly
courtesy prompted him to investigate the substance of the rods as thoroughly as the circum-
stances would permit. Dr. Alsberg's preliminary conclusion is that the substance from Montana
is probably resinous. He says:

The fibrils were carefully separated from the matrix and freed from the latter as much as possible by rubbing
between the fingers and by brushing with a camel's-hair brush. They were apparently insoluble in cold and hot
water, in cold and hot alcohol, in chloroform, toluene, benzol, and boiling concentrated hydrochloric acid. Hot
concentrated sulphuric acid caused them to disintegrate into many smaller fibrils without much charring. Hot
10 per cent potassium hydroxide caused the fibrils to swell somewhat, to soften, and, to a slight extent, to dissolve.
Boiling with concentrated nitric acid caused rapid solution of the black outer layer, with evolution of gas, leaving
a reddish, transparent, soft core. When cold this core became hard and flexible again. After the black coating had
been dissolved by the nitric acid, the core apparently resisted further attack by the acid.

Thereupon 0.5537 gram was boiled with 95 per cent alcohol under a reflex condenser for several days. The material
extracted weighed less than a milligram. The extraction was repeated with chloroform, which extracted but 2 milli-
grams. Then toluene was tried, yielding 1.2 centigrams of extracted material.

Since so little of the material was soluble in these organic solvents it was treated with concentrated hot nitric
acid till the black outer layer was removed. It was then washed with water till all the acid was removed and dried.
It was next extracted with ether under the reflex condenser. A small amount passed into solution. The extraction
was repeated until no more was dissolved. It was then extracted in the same manner with chloroform; but only traces
of material were dissolved in the course of several days. Thereupon the material was extracted with alcohol, which
dissolved appreciable quantities. In the course of several weeks the boiling alcohol extracted about one-third of the
material. After the alcohol extracted nothing more, the extraction was continued with toluene, which extracted a
small amount. The residue which remained was partially soluble in a concentrated solution of chorohydrte.

The different fractions into which the material was separated by these solvents are being investigated chemically.
It is hoped that further data may in the future be published. At present from the data at hand it is possible to say
that the indications are that the material is of a resinous nature. The solubilities point in this direction. Very few
other substances have such solubilities. The solubility in chlorohydrate is particularly significant.

1 Bureau of Mines Bull. 29, p. 52, 1911.
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CONCLUSIONS.

From the criteria reviewed it appears that at least a large part of the petioles and trunks
of the Carboniferous coal-forming types of vegetation were provided, as described by several
paleobotanists from petrified specimens, with numerous secretory canals and cells, in many
of which residues, generally interpreted as gums but often suggesting resins and waxes, may
still be seen. In the preceding pages evidence has been presented showing not only the presence
of lump or exudate resins in Paleozoic coals of a somewhat low bituminous rank, but also the
occurrence in these coals of great quantities of wood and petioles traversed by canals largely
if not completely filled with secretions, whose mode of occurrence, optical characters, chemical
composition, and resistance to decay under the conditions of coal formation seem to combine in
proof of their resinous nature. These canal secretions were not only largely resistant to the

biochemical processes of peat formation but they have withstood (though probably not without
some chemical change) the ordinary dynamo-chemical processes of peat transformation, prob-
ably except contact metamorphism, until the coals attained at least a low bituminous rank.
Their abundance in Paleozoic coals of this or lower ranks may readily be confirmed on close

examination.
These resinous fillings have, as a result of the partial dehydration, the progressive chemical

waste or reduction, and the pressure collapse of the environing undecayed plant tissues, been,
in effect, concentrated in the coals, so that their proportionate volume is much increased even
in the undestroyed wood. A great concentration results from the more advanced decay of the
other plant tissues, so that the resinous rods or bodies are either separated only by extremely
thin carbon residues representing the remaining portions of the plant, or they are completely
freed and isolated and so permitted to lodge and accumulate, frequently in contact, in relatively
large quantities. Such isolated resin fragments form a permanent and considerable ingredient
of the coals of the cannel type, in some localities contributing largely to their physical and

chemical qualities; and they are particularly characteristic of the canneloid fuels of the Cre-
taceous and Tertiary coal fields.

The amount of the wood and petioles probably containing resin found in the Paleozoic coal

measures, 'both at the Montana locality and in the upper Mississippi Valley, justifies the con-
clusion that the quantity of resin contributed by the coal-forming plants and preserved either
in place in the wood or as accumulations (concentrates) in various layers of the coal may, on

the whole, have been as great in the Paleozoic era as in later epochs. Though the Paleozoic
resins were probably secreted in lump or exudate form far less than the resins of the plants,
especially the conifers, of the later formations, they were, I am inclined to believe, as important
as contributions to the coal. Furthermore, it will be remembered that the aspect of the spore
and pollen exines found in the coal, the characteristic features of the chemical analyses of the
coal, and the fact that the exines have physically so far survived the decomposing agencies
appear amply to sustain the belief that in both the Paleozoic and the Mesozoic plants the exines
were, like their modern representatives, provided with protective wax, resin, and gum secretions.
The amount of resinous and waxy material contributed by the highly varied and incredibly
numerous spores in the Carboniferous coals was in itself undoubtedly large; and where, as in
the cannel coals, such spores compose a large part of the fuel body, the resinous material, perhaps
as much as the waxes, has produced the peculiar commercial and chemical qualities which
characterize the coals of the cannel type. In this connection it may be remarked that some of

the pinnules of cycadofilic types-such, for example, as Neuropteris flexuosa of the upper Potts-
ville or Neuropteris gigantea of the middle Pottsville-were probably provided with waxy cover-
ings analogous to those borne by many leaves among living plants.

It is probable that in the Paleozoic as well as in the Cenozoic era many among the coal-
forming species were not resin-producing, for many of the associated wood and petiole fragments
found in the coal show no megascopic indications of such secretions. In the Montana material
the resinous threads seem to be confined to petioles or slender stems, which, from the differences
in the sizes of the canals, were presumably of more than one genus and species. At the Montana
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locality the resin-bearing plants, whether or not of several kinds, were veiy abundant, prob-
ably forming ths larger part of the arborescent material contributed to the coaly shales at
certain levels. There is reason to believe that in the Paleozoic, as in the later epochs, the resins
produced by different plants varied in composition and qualities.

The evidence offered by the American material makes it seem not improbable that the
dark-brown residues found in the canals of the silicified material from the French Permian also
is resinous, as was suggested by Renault and Zeiller. The unquestionable presence of lump
resin in the Paleozoic coals of the upper Mississippi Valley argues strongly also for the resinous
nature of the dark contents of the secretory cells and canals of some of the other plants found
petrified in the Carboniferous of Europe.1

The analogies to be drawn from the deformation, discoloration, alteration, and reduction
(carbonization, involving loss of volatile) of the megascopic resin lumps as the coals of the Creta-
ceous and Tertiary in Colorado and Washington were brought from the lower-bituminous to the
higher-bituminous ranks appear to offer a reasonable explanation for the failure hitherto to
observe lump resin in the higher-rank bituminous coals of the'Appalachian trough and for the
probable absence of canal resin casts in the semibituminous coals of the same province. The
question as to the extent of their survival (without doubt they were once present) in the areas
of high-rank coal remains to be determined by observation, though it is probable that they are
present in some of the lower-rank coals having a fixed carbon ("pure coal" basis) of less than
58 or 55 per cent in the western portion of the great Allegheny coal field.

A question which appears to deserve careful consideration is, What relation, if any, may the
alteration or transformation (natural distillation) of these high-hydrogen and high-volatile
fusible elements of the coals which appears to take place in a critical period (limited in round
terms by the passage from 58 to 65 per cent of fixed carbon in "pure coal"), as the fuels are
being brought by the dynamo-chemical agencies to the state of fitness, other things being equal,
for the production of high-grade coke by the ordinary process, bear to the development of the
coking quality itself in the coals?

1 The superficial aspect of the Montana petioles, the characters of their finely striated cuticles, and their mode of branching strongly suggest the
petioles of Alethopteris and Neuropteris, to which I believe them probably to have belonged. The slightly irregular but generally parallel longi-
tudinal lineation of the carbonized residues was presumably produced by hypodermal strands of thick-walled and slightly more resistant tissue,
distributed mainly in a subperipheral zone. The secretory canals were most probably associated with such hypodermal strands, very much or
perhaps identically as in the petrified stems described by Renault (Acad. sci. Paris Mdm. say. dtrang., vol. 22, No. 10, p. 17, P1. v, fig. 40, 1875) and
Zeiller (Bassin houiller et permien d'Autun et d'$pinac, vol. 1, Flore fossile, pt. 1, Pl. XXVII, fig. 2, 1890) as Myelopteris and Myeloxylon.
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PLATE IX.

FRAGMENTS OF BITUMINOUS COAL SHOWING CARBONIZED WOOD, ETC.

FIGURE 1. Portion (natural size) of a large fragment of wood from the midst of the coal mined at Gerlaw, Ill. The
wood, which is flattened comparatively thin, is traversed, parallel to the grain, by very slender needle-like casts,
the remains of hard secretions, regarded as resinous, occupying the longitudinal canals. On the right are fragments
of bark, cuticles, and small miscellaneous vegetal debris, all carbonized. A portion of the same specimen is shown
four times enlarged in Plate XI, figure 4.

FIGURE 2. Bedding-plane surface (natural size) of a block of coal from a mine in "coal No. 2," near Exeter, Ill. The
surface is strewn with small pieces of wood now flattened and converted to mineral charcoal ("mother of coal ").
Most of the pieces are traversed lengthwise of the grain by needle-like resinous canal casts, like those shown in
figure 1, but much more slender. A part of this specimen is shown four times enlarged in Plate X.

FIGURE 3. Fragment (natural size) from a thin parting in the coal (No. 2) at Colchester, Ill., showing the very slender
needle-like resin fillings of the canals, released by the decay of the surrounding tissues of the wood and now drifted
in confusion. On the same specimen, as shown in bedding-plane view four times enlarged in Plate XII, are many
megaspores and several envelopes of seeds all representing vegetal tissues most resistant to decay. Small particles
of cuticle are also present.
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PLATE X.

BEDDING PLANE OF COAL FROM EXETER, ILL.

A portion of the block shown in Plate IX, figure 2, four times the natural size. The resinous casts of the canals longi-
tudinally traversing the fragments of carbonized wood appear like needles or fine wires lying parallel to the surface
or protruding obliquely and at the ends of the pieces of wood. In some places the wood has rotted so that the
casts are left entirely freed and isolated. The surrounding wood cells were so macerated and compressed that
many of the slender round casts stand out as ridges in the coaly residue even where they are not actually exposed.
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PLATE XI.

RESIN LUMPS IN PALEOZOIC COALS.

FIGURE 1. End view (five times enlarged) of a piece of coal from shaft at La Salle, Ill., showing a cross section of a
flattened lump of rather dark amber-like resin. It is slightly pitted.

FIGURE 2. End view (five times enlarged) of a fragment of "block" coal from a mine near Brazil, Ind., showing a
lump of resin. The resin has been squeezed both along the bedding plane and in the joints, so that its cross section
exhibits a zigzag or "step" form. The light-colored spots above and below are mere reflections from fracture sur-
faces of the dense laminated coal, the photograph not being retouched. Fragments of the lump here shown have
been subjected to combustion and chemical tests.

FIGURE 3. Another lump (five times enlarged) found on another side of the block of coal shown in figure 2. The
lump is somewhat squeezed but retains its typical "rosin "-like translucent character. The outline of the section
is crescentic, convex downward; the apparent extensions above and below are reflections from cleavage planes
in the coal. The photograph is not retouched. The same specimen of coal exhibits a third resin lump.

FIGURE 4. Portion (four times enlarged) of the fragment from Gerlaw, Ill., shown in Plate IX, figure 1, showing the
needle-like casts or resinous fillings of the canals in the wood, the grain of which runs vertically in the picture.
The casts are in some places fully exposed, in others are protruding and broken off, and in still others appear only
as ridges in the thin layer of mineral charcoal to which the wood is reduced. -
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PLATE XII.

FRAGMENT FROM THIN PARTING IN COAL FROM COLCHESTER, ILL.

Portion (four times enlarged) of the very thin parting shown in bedding-plane view in Plate IX, figure 3. Shows
the round, slender, needle-like resinous casts from the canals of various woods. The casts, freed by the decay
of the other tissues of the wood, have accumulated in great numbers, effecting a concentration of the resin sub-
stance. Fragments of cuticle, spore exines, and seed coats are also present.
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PLATE XIII.

RESINOUS CASTS IN STEMS OR PETIOLES.

[From Big Spring Creek, 20 miles southeast of Lewiston, Mont. Quadrant formation; Pottsville age.]

FIGURE 1. Fragment of coaly shale crossed by the thin carbonized residue of a petiole, a portion of which (on the left)
is held suspended by the very slender, threadlike resinous casts, which protrude at the ends like bristles or
fibrils. The same specimen is shown twice enlarged in Plate XIV, figure 1.

FIGURE 2. Fragment of dark shaly coal or coaly shale, in which many of the petioles (or stems ?) are matted in various
directions. The resinous casts of the canals, some of which are very large, make ridges in the very thin car-
bonized residues of the petioles, even where they are still enveloped by the coalified flattened remains of the
surrounding tissue of the wood or bark. At several points casts isolated by the decay of the wood are seen.
A portion of this specimen is shown twice enlarged in Plate XIV, figure 3.

FIGURE 3. Fragment of coaly shale from the edges of which protrude the parallel threadlike resinous vessel casts
which have been pulled out of the carbonaceous residues in the adjoining fragments. The bands of casts lie in
many directions and at many levels, according to the position of the containing carbonized wood.
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PLATE XIV.

THREADLIKE RESINOUS CASTS IN CARBONIZED WOODS.

[From Big Spring Creek, 20 miles southeast of Lewiston, Mont. Quadrant formation; Pottsville age.]

FIGURE 1. Specimen shown in Plate XIII, figure 1 (enlarged two diameters), showing the cubical coal made from
the remaining tissues of the petiole. The residue, which is less than 0.3 millimeter in diameter, is scarcely
thicker than the resinous fibrils themselves. The cubically jointed coal has been lifted from the matrix and
extends, sustained by the casts, on the left. Other stem fragments with casts lie in the same piece of coaly shale.

FIGURE 2. Fragment (twice natural size) in which the resinous casts, much greater in diameter, lie mostly in their
original attitudes, the coal and mud having been partly removed.

FIGURE 3. Part of the specimen shown in Plate XIII, figure 2 (twice natural size), showing the parallelism and aspect
of the resin canal casts, which in some of the petiolar fragments are very large. Regarding the relative diameter
of the canals, compare this figure with a corresponding enlargement given as figure 1 above.

FIGURE 4. Piece of the coaly shale transversely crossed by a petiole or small stem which before burial in the carbona-
ceous mud had so far rotted that the resinous casts of the canals were left free and unsupported by intervening
woody tissues. They lie longitudinally extended but lax and irregularly disposed within the thin outer sheath
of the petiole. Many cast fragments wholly isolated by the decay of their enveloping stems are scattered in the
richly carbonaceous mud.
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